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These  two  volumes  of  the  Selected  Papers  of 
Prof.  K.R.  Ramanathan  were  published  by 
the  Indian  Academy  of  Sciences  on  the  occasion 
of  his  ninetieth  birthday. 

A  founder  Fellow  of  the  Academy,  and  one 
who  occupied  its  prestigious  Raman  Chair,  he  is 
the  most  distinguished  meteorologist  India  has 
produced.  He  was  awarded  the  International 
Meteorological  Organization  Prize  in  1961  and 
was  elected  President  of  the  International 
Association  of  Meteorology  in  1954,  President 
of  the  International  Union  of  Geodesy  and 
Geophysics  in  1957  and  President  of  the 
International  Ozone  Commission  for  three  terms 
from  1961-1967. 

Professor  Ramanathan  did  his  early 
researches  with  Prof.  C.V.  Raman,  when  he 
published  along  with  him  in  1923  the  pioneering 
paper  on  the  X-ray  diffraction  of  liquids,  which 
is  included  in  this  volume.  He  was  one  of  the 
earliest  members  of  the  team  of  young  scientists 
who  participated  in  Raman’s  researches  on  the 
scattering  of  light.  But  it  is  as  a  meteorologist  and 
as  one  who  contributed  significantly  to  the 
building  up  of  scientific  meteorology  that  he  will 
be  remembered  most. 

These  volumes  contain  his  classical  papers  in 
the  various  fields  in  which  he  has  worked  during 
the  last  six  decades;  scattering  of  light, 
meteorology,  atmospheric  ozone,  atmospheric 
physics,  geophysics,  aeronomy  and  ionospheric 
physics.  They  include  his  first  paper  published  in 
1921  on  thunderstorms  in  Trivandrum,  his 
papers  on  the  distribution  of  temperature  in  the 
first  25  km  over  the  earth,  on  the  general 
circulation  of  the  atmosphere  over  India  and  its 
neighbourhood  and  on  the  Indian  south-west 
monsoon  and  the  structure  of  depressions 
associated  with  it. 

His  papers  on  the  vertical  distribution  of 
atmospheric  ozone  in  low  latitudes,  on  the 
calculation  of  the  vertical  distribution  of  ozone 
by  the  Gotz-Umkehr  effect,  on  the  mean 
meridional  distribution  of  ozone  in  different 
seasons  calculated  from  umkehr  observations 
and  probable  vertical  transport  mechanisms,  his 
analysis  of  the  ozone  observations  during  the 
IGY  and  IGC,  his  oft-quoted  Presidential 
Address  to  the  International  Association  ol 
Meteorology  at  Rome  in  1954  on  atmospheiic 
ozone  and  the  general  circulation  ol  the 
atmosphere,  and  the  Presidential  Address  to  the 
International  Ozone  Symposium  in  1964  on  the 
bi-annual  variation  of  atmospheric  ozone  over 
the  tropics  also  find  a  place  in  these  volumes. 
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The  diagram,  printed  on  the  cover,  was  prepared  by  K.R,  Ramanathan  in 
1929  (see  page  279)  and  shows  the  distribution  of  temperature  in  the 
atmosphere  up  to  25  km  in  summer  and  winter  over  the  northern  hemisphere. 
The  diagram  showed  for  the  first  time  that  the  stratosphere  is  not  isothermal 
over  any  particular  place  and  the  temperature  increases  with  height  above  a 
certain  level;  Ramanathan  also  showed  that  the  coldest  air  over  the  earth  is 
found  above  the  equator  and  not  over  the  poles,  Ramanathan’s  diagram  retains 
its  validity  even  today. 


The  Sanskrit  verse  on  the  cover  is  from  Mcmu  Srnriti  (circa  2nd  Century 
B.C.)  and  is  full  of  meaning  to  the  meteorologist. 

“From  the  sun  rain  is  born; 

From  rain  food,  and  from  food,  living  creatures” 


The  picture  on  the  dust  cover  is  of  sunset  over  the  Indian  Ocean  at 
Kanyakumari. 
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RECENT  WORK  ON  THE  MEASUREMENT  OF  ATMOSPHERIC  OZONE 
AND  ITS  VERTICAL  DISTRIBUTION  IN  INDIA 

By  K.  R.  Ramanathan  and  R.  V.  Karandikar 

1.  Using  a  Dobson's  photoelectric  spectrophotometer  belonging  to  the  India 
Meteorological  Department,  and  with  recalibrated  optical  wedges,  observations 
with  direct  sunlight  were  taken  at  Delhi  during  the  period  November  1945  to  March 
1947  to  determine  the  daily  values  of  ozone.  The  monthly  mean  values  are  given 
in  Table  1.  The  observations  generally  refer  to  afternoon.  The  main  maximum 
ozone  values  occur  in  April  to  June.  The  minimum  seems  to  occur  in  November 
but  there  is  a  pronounced  secondary  minimum  in  August.  Curves  for  Bombay  and 
Kodaikanal  and  for  Helwan  and  Zikawei  show  similar  features.  The  values  for  the 
winter  of  1946-47  were  definitely  higher  4han  those  for  the  winter  of  1D45-46.  It 
is  a  moot  point  whether  this  increase  in  ozone  amount  was  due  to  increased  solar 
activity. 

Table  1 — Mean  monthly  values  of  ozone  amount  at  Delhi  (28°35'n) 


1945 

1946 

1947 

Month 

No.  of 
obser¬ 
vations 

Mean  ozone 
amount  in 
cm.  N.T.P. 

No.  of 
obser¬ 
vations 

Mean  ozone 
amount  in  cm 

No.  of 
obser¬ 
vations 

Mean  ozone 
amount  in  cm 

January 

28 

0.170 

18 

0.192 

February 

22 

0.173 

26 

0.197 

March 

28 

0.183 

24 

0.198 

April 

30 

0.188 

May 

29 

0.187 

June 

28 

0.189 

July 

21 

0.179 

August 

21 

0.173 

September 

28 

0.176 

October 

21 

0.179 

November 

19 

0.169 

29 

0.175 

December 

27 

0.170 

28 

0.182 

Trans.  IUGG  Meeting,  Oslo,  1948,  Part  V,  492  -494,  1ATME  Bulletin  No.  13,  1950. 
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The  daily  ozone  values  at  Delhi  were  plotted  side  by  side  with  various  met¬ 
eorological  factors.  Out  of  these,  minimum  temperatures  at  Simla  showed  marked 
correlation  with  Delhi  ozone  values  during  the  period  October  to  April- -except 
when  Simla  minimum  temperatures  were  affected  by  fohn-effect  or  by  rainfall. 

The  day-to-day  changes  in  ozone  amount  were  small  in  July- September  but 
quite  conspicuous  during  the  period  of  western  disturbances.  In  general,  northerly 
air  was  found  to  be  associated  with  high  ozone  amounts.  Any  association  of  changes 
of  ozone  amount  with  fronts  has  not  yet  been  established.  The  depressing  and  sta¬ 
bilizing  effect  of  the  monsoon  on  the  total  ozone  amount  in  the  atmosphere  suggests 
that  water-vapor  in  the  upper  troposphere  has  a  destructive  action  on  ozone.  Dur¬ 
ing  the  monsoon,  the  tropopause  in  Northern  India  is  almost  always  of  Type  I,  be¬ 
ginning  with  a  strong  inversion  at  a  height  of  16-17  km. 

2.  Measurements  of  the  intensity  of  the  zenith- scattered  light  were  taken  on 
a  number  of  clear  days  in  different  seasons  for  varying  zenith-distances  of  the  sun. 
The  Umkehr-effect  was  observable  without  difficulty.  From  the  curves  of  variation 
of  the  zenith- scattered  light  with  the  zenith-distance  of  the  sun,  the  vertical  distri¬ 
butions  of  ozone  were  calculated  for  the  following  values  of  total  ozone:  0.155  cm., 
0.175  cm.,  0.200  cm.,  and  0.217  cm.  Table  2  gives  the  average  concentration  of 
ozone  expressed  as  cm  at  N.T.P.  per  km,  in  different  atmospheric  layers  for  dif¬ 
ferent  ozone  amounts.  The  higher  values  of  total  ozone  amount  are  associated  with 
higher  ozone- concentrations  in  the  layers  9-18  km  and  18-27  km.  The  center  of 
gravity  was  found  to  be  26.5  km  for  0.155  cm  and  25.0  km  for  0.217  cm.  For  the 
same  ozone  amount,  the  height  of  the  center  of  gravity  lowers  as  we  go  to  higher 
latitudes.  For  example,  for  the  ozone  amount  0.217  cm,  the  height  is  25  km  at 
Delhi,  22.5  km  at  Arosa  and  21  km  at  Tromso.  Greater  precision  in  determining 
the  boundaries  of  the  layer  in  which  the  changes  in  ozone  concentration  occur 
would  require  a  major  improvement  in  method. 

Table  2 — Vertical  distribution  of  ozone  over  Delhi  (28°35'N) 


Height  of 
layer  in  km 

Total 

ozone 

0.155  cm 

0.175  cm 

0.200  cm 

0.217  cm 

Surface -9  km 

0.0010  cm/km+ 

0.0010  cm/km+ 

0.0010  cm/km+ 

0.0010  cm/km+ 

9-18 

0.0016  " 

0.0020  " 

0.0026  " 

0.0030  " 

18-27 

0.0055  " 

0.0070  " 

0.0091  " 

0.0104  " 

27-36 

0.0077  " 

0.0080  " 

0.0080  " 

0.0080  " 

36-45 

0.0010  " 

0.0010  " 

0.0010  " 

0.0012  " 

45-54 

0.0004  " 

0.0004  " 

0.0005  " 

0.0005  " 

+ These  are  assumed  values. 


3.  From  the  measurements  of  intensity  of  the  direct  radiation  from  the  sun, 
the  fraction  of  the  incident  radiation  scattered  by  the  large  particles  in  the  atmos¬ 
phere  can  be  deduced  by  subtracting  the  calculated  attenuation  due  to  molecular 
scattering  from  the  total  measured  attenuation. 

Daily  values  of  6'  -  6 ",  where  6',  6"  are  the  net  losses  due  to  particle 

scattering  at  the  wavelengths  3300  and  4450  A  were  tabulated.  An  unexpected  new 
feature  was  the  negative  sign  of  6 ’’  -  <5"  (i.e.,  apparently  greater  loss  due  to 
scattering  at  4450  A  than  at  3300  A)  in  the  pre-monsoon  period,  particularly  on 
days  when  there  was  widespread  milky  haze  over  the  sky.  This  will  be  discussed 
in  a  separate  paper  elsewhere. 
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PART  V- -COMMUNICATIONS. 


4.  Arrangements  are  in  progress  for  determining  the  vertical  distribution 
of  ozone  over  Poona  (18°N)  and  Kodaikanal  (10°N). 

The  India  Meteorological  Department  and  the  Board  of  Scientific  and  Indus¬ 
trial  Research  are  financing  this  work. 


DISCUSSION: 

A  la  suite  de  cette  communication,  le  Professeur  Vassy  remarque  que 
c’est  l’influence  de  la  temperature  qui  conditionne  la  proportion  d  ozone  et  qui 
peut  ainsi  expliquer  les  particularity  signalGes  par  le  Professeur  Ramanathan. 
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VERTICAL  DISTRIBUTION  OF  ATMOSPHERIC 
OZONE  IN  LOW  LATITUDES 

By  R.  V.  Karandikar  and  K.  R.  Ramanathan,  F.A.Sc. 

Received  December  ?0,  1948 

§1.  Introduction 

The  first  rough  estimates  of  the  height  of  atmospheric  ozone  were  obtained 
in  1925-27  from  photometric  measurements1  of  the  spectrum  of  direct 
sunlight  at  different  altitudes  of  the  sun,  and  these  gave  a  mean  height  of 
about  40- 50  km.  In  1929,  F.W.P.  Gotz2  observed  that  the  fight  scattered 
from  the  zenith  sky  was  relatively  richer  in  ultraviolet  light  in  the  region  of 
ozone  absorption  when  the  sun  was  on  the  horizon  than  when  it  was  a  few 
degrees  higher  up  in  the  sky.  He  called  this  the  ‘  Umkehr  Effect  ’  and  sug¬ 
gested  that  it  could  be  used  to  deduce  the  vertical  distribution  of  ozone  in 
the  atmosphere  by  taking  observations  of  the  fight  scattered  from  the  blue 
zenith  sky.  Using  the  photo-electric  spectrophotometer  developed  by 
Dobson,3  G5tz,  Meetham  and  Dobson4  made  reliable  measurements  of  the 
Umkehr  Effect  in  1 934  at  Arosa  (Lat.  47°  N.)  in  Switzerland  and  developed 
methods  for  calculating  the  vertical  distribution  of  ozone.  From  46  days’ 
observations  of  the  Umkehr  curves  in  different  seasons  of  the  year  and  with 
different  total  amounts  of  ozone,  they  found  that  the  average  height  of 
ozone  at  Arosa  was  about  22  km.  above  sea-level,  that  the  ozone  was  distri¬ 
buted  mainly  between  the  ground  and  35  km.,  and  that  the  nature  of  the 
vertical  distribution  changed  more  or  less  systematically  with  the  total 
amount  of  ozone,  higher  ozone  amounts  in  general  lowering  the  centre  of 
gravity.  The  average  height  of  ozone  deduced  from  observations  of  zenith 
sky  intensities  was  confirmed  by  Regener6  from  his  independent  studies  of 
the  ultraviolet  end  of  the  solar  spectrum  with  spectrographs  carried  in  sound¬ 
ing  balloons. 

The  vertical  distribution  of  atmospheric  ozone  in  high  latitudes  was 
investigated  by  Meetham  and  Dobson6  from  observations  made  at  Tromsc!> 
(Lat.  69°  40'  N.)  in  Norway  in  the  summer  of  1934.  They  could  get  only 
1.3  days’  observations.  The  average  height  of  ozone  was  found  to  be  slightly 
lower  (20  •  8  km.)  at  the  higher  latitude,  the  maximum  concentration  of  ozone 
also  being  in  a  region  centred  at  21  km. 

Recently,  T^nsberg  and  Langlo7  have  published  a  detailed  account  of 
their  investigations  on  atmospheric  ozone  at  Nordlysobservatoriet,  Troms<£. 
These  include  measurements  of  the  total  quantity  of  ozone  by  sunlight, 
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starlight,  and  moonlight  with  different  types  of  instruments  during  the  years 
1935-42.  The  zenith  sky  measurements  for  the  vertical  distribution  of  ozone 
were  made  with  Dobson’s  photo-electric  spectrophotometer  during  1939-42. 
The  measurements  were  more  numerous  than  the  observations  made  by 
Meetham  and  Dobson  in  1934.  The  new  Troms</>  results  show  a  markedly 
different  type  of  distribution  from  the  earlier  results  of  Meetham  and 
Dobson,  the  centre  of  gravity  of  ozone  showing  a  variation  from  26 -7  km. 
for  0-160  cm.  of  ozone  to  20-8  km.  for  0-400  cm.  in  the  new  series  as  com¬ 
pared  with  a  more  or  less  fixed  height  of  20  -8  km.  in  the  old  one.  The  new 
distributions  show  that,  when  the  total  amount  of  ozone  varies,  the  most 
marked  changes  in  the  ozone  content  occur  between  5  and  20  km. 

§2.  Observations  in  India 

Little  information  has  been  available  so  far  about  the  vertical  distri¬ 
bution  of  atmospheric  ozone  in  low  latitudes.  Observations  with  one  of 
Dobson’s  photo-electric  spectrophotometers  were  started  in  India  at  Poona 
(Lat.  18°  31'  N.)  in  February  1940  by  Dr.  Ramanathan  and  Umkehr  curves 
for  about  six  clear  days  were  obtained  during  the  months  of  February  and 
March  of  that  year.  The  fact  that  in  low  latitudes  the  height  of  the  sun 
changes  rapidly  when  it  is  near  the  horizon  makes  it  rather  difficult  to  take 
accurate  and  numerous  observations  at  sunset  or  sunrise;  still,  the  observa¬ 
tions  were  good  enough  to  indicate  the  existence  of  the  ‘  Umkehr  Effect  ’. 
The  same  instrument  was  later  taken  to  Delhi  (Lat.  28°  35'  N.)  and  syste¬ 
matic  observations  were  made  during  the  period  November  1945  to  March 
1947.  The  calibration  of  the  optical  wedges  in  the  instrument  was  in  doubt 
and  many  clear  days  were  spent  in  recalibrating  the  wedges.  The  new 
calibration8  brought  out  some  significant  differences  and  these  were  taken 
into  account  in  working  out  the  results.  Observations  on  many  c  oudiess 
days  in  summer  had  to  be  excluded  because  of  the  peculiar  white  haze 
characteristic  of  the  hot  season  in  north-west  India.  About  35  clear  days’ 
Umkehr  curves  were  obtained  at  Delhi.  In  April  1947,  the  same  instrument 
was  taken  to  Simla  (31°06'N.,  2-45  km.  above  sea-level)  to  clarify  some 
points  raised  by  the  Delhi  observations  on  the  effect  of  dust  and  haze  on  the 
intensities  of  direct  sunlight  and  zenith  sky  light.  At  Simla,  15  Umkehr 
curves  were  obtained  in  April  and  May  1947  and  9  curves  in  November 
1947.  The  instrument  was  again  taken  to  Poona  and  used  during  the 
months  of  February  and  March  1948,  and  Umkehr  curves  were  obtained 
on  eight  clear  days. 

The  present  paper  gives  the  results  of  the  analysis  of  the  zenith  sky 
observations  at  Delhi  and  Poona.  It  was  found  that  for  the  same  quantity 
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of  ozone  (0  •  220  cm.),  the  average  height  of  ozone  at  the  latitude  of  Delhi  is 
higher  (25-1  km.)  than  the  height  22-5  km.  at  Arosa.4  At  Troms7>,  Meetham 
and  Dobson’s6  analysis  indicated  a  mean  height  of  about  20-8  km.  for  this 
amount  of  ozone,  while  TV>nsberg  and  Langlo7  found  it  to  be  25*7  km.  The 
Umkehr  curves  and  the  average  heights  deduced  from  observations  at  Simla 
are  more  or  less  similar  to  those  obtained  at  Delhi.  At  Poona,  zenith  sky 
observations  are  not  available  for  the  ozone  amount  0-220  cm.,  but  on  a 
number  of  days  whep  the  ozone  amount  was  between  0-164  and  0-177  cm., 
the  average  height  was  found  to  be  about  28  km.  Further  work  is  required 
at  Poona  and  still  lower  latitudes. 

§3.  Methods  of  Calculating  the  Vertical  Distribution  of  Ozone 

Two  methods  (A  and  B)  for  calculating  the  vertical  distribution  of  ozone, 
which  differ  from  each  other  only  in  matters  of  detail,  have  been  described 
by  Gotz,  Meetham  and  Dobson  in  their  Arosa  paper.4  Observations  are 
made  on  the  light  scattered  from  the  clear  zenith  sky  at  different  zenith  dis¬ 
tances  Z  of  the  sun.  If  I,  T,  I"  be  the  intensities  of  the  zenith-scattered  light 
at  the  three  wavelengths  A  3110  A,  A'  3300  A  and  A"  4450  A,  the  instrument 
directly  gives  log  l/Y  +!  C  and  log  Y/Y  +  C',  where  C  and  C  are  instrumental 
constants  which  are  eliminated  in  the  final  calculations.  When  log  I/I'  (C 
being  dropped  hereafter  for  convenience)  is  plotted  against  Z4  (the  fourth 
power  being  chosen  to  open  out  the  scale  at  low  altitudes  of  the  sun),  it  is 
seen  that  log  I/I'  continuously  decreases  with  increasing  values  of  Z,  reaches 
a  minimum  when  Z  is  85°  to  87°  and  again  increases  with  further  increase 
of  Z.  The  shape  of  this  curve,  called  ‘  Umkehr  curve  ’  by  Gotz,  and  the 
position  of  the  inversion  depend  upon  the  height  distribution  of  atmospheric 
ozone. 

Considering  the  scattering  by  an  element  at  height  h  above  the  earth’s 
surface,  the  intensity  I  of  light  of  wavelength  A  reaching  the  instrument  from 
unit  angle  of  the  zenith  sky  can  be  shown  to  be  given  by 

oo  ft 

T  V  1 1  i  mT  r  SeC  t*dh~  *fXhdh 

1=  K  (1  +  cos2Z)  I0  /  pA  [10  ft  c  x 

<r 

oo  k 

in-/ fin  sec  lHdh-f  phdh 

10  ft  o  ]dh 

=  K  (1  +  cos2Z)  I0  r ph  •  10“*v  .  10-.sF  dh. 

Here, 

i 

3  6 

K  =  and  is  a  constant  proportional  to  the  scattering  per  unit 

solid  angle  by  unit  volume  of  air,  £  being  the  scattering  for  the  whole  of  the 
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atmosphere  of  homogeneous  height;  H,  and  p0  the  density  of  air  at  the  earth’s 
surface, 

Z=  the  zenith  angle  of  the  sun  as  seen  from  the  earth’s  surface,  /.<?.,  the 
angle  between  the  incident  sunlight  and  the  scattered  vertical  ray, 

£,$=  the  zenith  angle  of  the  sun  as  seen  from  a  point  in  the  atmosphere  at 
height  h  from  the  earth’s  surface,  i.e.,  the  angle  between  the  incident 
sunlight  and  the  normal  to  the  shell  of  the  atmosphere  at  height  n, 

I0=  the  intensity  of  the  incident  solar  radiation  of  wavelength  A  outside  the 
earth’s  atmosphere, 


Pa=  density  of  the  air  at  height  h , 


P 

Hpo 


ph  and  refers  to  the  scattering  by  air  at  height  h, 


a  =  the  decimal  absorption  coefficient  per  cm.  at  N.T.P.  of  ozone  at  the 
wavelength  A, 


xh  —  the  ozone  amount  per  unit  length  at  height  h. 


Y  thus  denotes  the  total  integrated  thickness  of  ozone  traversed  by  sunlight 
from  outside  the  atmosphere  to  the  scattering  element  and  afterwards  by 
the  scattered  light  from  the  latter  on  its  way  to  the  observing  instrument. 

Y  will  therefore  depend  on  the  vertical  distribution  of  ozone  in  the  atmosphere. 
Similarly  F  denotes  the  integrated  *  airmass  ’  traversed,  the  integration  being 
taken  in  a  way  similar  to  that  for  Y. 


An  expression  similar  to  I  can  be  written  for  the  intensity  I'  of  the  light 
of  wavelength  A'.  Hence  Log  l/V  can  be  calculated  and  equated  to  the 
observed  value.  A  strict  mathematical  solution  for  a  given  ‘  Umkehr  curve  ’ 
is  not  practicable  and  two  different  approximate  methods  have  been  given 
by  Gotz,  Meetham  and  Dobson. 

(a)  Method  A  — In  this  method,  the  atmosphere  is  divided  into  5  sec¬ 
tions,  viz.,  0-5  km.,  5-20  km.,  20-35  km.,  35-50  km.  and  above  50  km. 
The  atmosphere  above  50  km.  is  assumed  to  contain,  no  ozone.  In  the  low¬ 
est  layer,  the  ozone  amount  is  assumed  to  be  what  is  given  by  spectroscopic 
or  chemical  measurements  made  at  ground  level.  Let  this  be  u  cm.  and  let 
the  unknown  ozone  amounts  in  the  sections  35-50  and  20-35  km.  be  xl  and 
x2  respectively;  then  the  ozone  amount  in  the  layer  5-20  km.  is  jc—  (jCj-f-  x2 
-f  u),  where  x  is  the  total  ozone  obtained  from  direct  sun  observations. 
The  ozone  itl  each  section  is  assumed  to  be  distributed  uniformly.  The 
two  unknowns  x1  and  x.2  can  be  determined  by  taking  two  suitable  values 
of  log  I/I'  corresponding  to  two  values  of  the  zenith  distance  Z  from  an 
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observed  mean  Umkehr  curve  and  writing  down  two  numerical  equations. 
Generally,  log  I/I'  corresponding  to  a  third  value  of  Z  is  used  as  a  check. 
This  method  has  been  used  by  T^nsberg  and  Langlo  in  working  out  the  ozone 
distribution  at  Troms</>  from  the  observations  during  1939-42. 

( b )  Method  B. — Here,  the  whole  atmosphere  is  divided  into  8  sections 
and  arbitrary  amounts  of  ozone  are  assumed  to  be  present  in  each,  the  sum 
of  the  amounts  in  all  the  sections  together  being  equal  to  the  total  ozone 
amount.  By  calculating  the  scattering  and  absorption  of  light  at  all  heights 
under  these  conditions,  a  theoretical  ‘  Umkehr  curve  ’  can  be  calculated. 
This  will,  in  general,  differ  from  the  observed  curve  and  the  assumed  distri¬ 
bution  of  ozone  in  the  various  sections  can  be  varied  by  trial  and  error  until 
a  reasonably  good  agreement  is  obtained  between  the  calculated  and  observed 
curves.  In  general,  more  than  one  such  solution  can  be  found  for  a  given 
Umkehr  curve,  but  it  is  found  that  the  solutions  are  not  substantially  different 
and  the  average  height  of  ozone  for  all  these  is  found  to  be  almost  identical. 
This  method  has  been  used  by  Gotz,  Meetham  and  Dobson  in  working  out 
the  ozone  distributions  from  observations  at  Arosa  and  from  the  earlier 
series  at  Troms <j>. 

Method  A  was  used  for  analysing  the  Indian  data  preliminarily  in  an 
exploratory  manner  so  as  to  give  an  approximate  idea  of  the  ozone  distri¬ 
butions.  Method  B  was  then  applied  on  the  basis  of  the  results  of  method  A, 
and  the  necessary  variations  in  the  assumed  ozone  quantities  made  so  as  to 
get  a  good  fit  with  the  observed  Umkehr  curves.  Details  of  method  B  only 
are  given  below. 

§4.  Details  of  Method  B  used  in  India 

In  this  method,  Dobson  divided  the  atmosphere  into  a  number  of 
horizontal  sections  such  that  the  mass  of  air  in  any  section  was  lly/10  of  that 
in  the  section  next  below  it.  The  whole  of  the  air  in  any  section  is  then 
supposed  to  be  concentrated  at  such  a  height  that  half  the  air  in  the  section 
is  above  that  level  and  half  below  it.  The  ozone  in  each  section  is  also 
supposed  to  be  distributed  in  the  same  way  as  the  air,  which  means  that, 
within  each  layer,  ozone  is  not  uniformly  distributed  but  decreases  nearly 
exponentially  with  height. 

Dividing  the  atmosphere  in  geometrical  progression  with  a  factor  of 
l/yTO  simplifies  some  numerical  calculations.  The  method  used  in  this 
paper  is  slightly  different.  The  atmosphere  is  divided  into  layers  each  of 
9  km.  thickness  from  the  sea-level  upward.  For  simplicity  in  calculations, 
it  was  assumed  that  tile  centre  of  mass  of  each  layer  was  situated  at  3  km. 
above  the  base  of  that  layer.  This  is  usually  correct  to  within  £  km.,  and 
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the  approximation  is  good  enough.  For  pressures,  temperatures  and  densj 
ties  upto  25  km.  in  the  atmosphere,  the  average  values  given  by  Dr.  Rama- 
nathan9  for  Agra  have  been  used ;  for  30  km.  and  upward,  values  recently 
given  by  Penndorf10  are  used.  Table  I  below  summarises  the  assumed 
values  of  temperatures,  pressures  and  densities  at  different  heights.  Table  II 
gives  the  heights  of  the  different  sections  and  the  masses  of  air  in  the  sub¬ 
sections. 

Table  I 


Height 
a.s.l.  km. 

Temp.  °A 

Pressure 

mb. 

Density 

gm./m3 

Height 
a.s.l.  km. 

Temp.  °A 

Pressure 

mb. 

Density 

gm./m8 

0 

300 

1013-3 

1176*7 

30 

227-5 

11-7 

17-9 

2 

288 

799 

9b6-  6 

35 

233 

5-56 

8-31 

5 

270 

554 

714-9 

40 

263 

2-79 

3-70 

10 

239 

284 

414-0 

45 

293 

1-55 

1-84 

12 

225 

210 

325-2 

50 

323 

0-86 

0-93 

15 

206 

130 

219-9 

60 

283 

0-28 

0-35 

17 

199 

93 

162-8 

70 

243 

0-076 

0-11 

20 

208 

56 

93-8 

80 

203 

0-017 

0-029 

25 

217 

26 

41-1 

90 

275-5 

0-0039 

0-005 

100 

348 

0-0013 

0-0013 

Table  II 


Section  No. 

Boundaries  of 
section:  km. 

Assumed  C.Q. 
of  section:km. 

1 

Sub-section 

1 

*  Boundaries  of 
sub-section:km. 

Fraction  of 
atmosphere  in  the 
sub-section 

1 

0-9 

3 

la 

0-3 

•3022 

lb 

3-9 

•3776 

2 

9-18 

12 

2  a 

9-12 

-1130 

2b 

12-18 

•1298 

3 

18-27 

21 

3  a 

18-21 

•  0 302 

3  b 

21-27 

•0288 

4 

27-36 

30 

4  a 

27-30 

•00693 

u 

30-36 

•00677 

5 

36-45 

39 

5a 

36-39 

•00162 

5  b 

39-45 

•00163 

6 

45-54 

48 

6a 

45-48 

•000455 

6  b 

48-54 

•000532 

7 

54-63 

57 

"la 

54-57 

•000155 

7  b 

57-63 

•000200 

8 

63-72 

66 

8 a 

63-66 

•000061 

8<5 

66-72 

•000071 
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Scattering  from  all  significant  layers  was  taken  into  account  when  the 
sun  was  very  near  the  horizon;  with  higher  altitudes  of  the  sun,  the  effect 
of  the  higher  layers  became  less  and  less  important. 

All  the  ozone  was  assumed  to  be  present  only  in  the  first  six  sections, 
i.e.,  up  to  54  km.  The  ozone  in  each  section  was  further  assumed  to  be 
uniformly  distributed  within  each  section,  so  that  in  considering  the  absorp¬ 
tion  due  to  ozone,  two-thirds  of  the  quantity  in  the  section  came  in  the  slant 
path  of  the  sunlight  and  only  one-third  in  the  lower  vertical  path. 

To  get  the  integrated  ‘  airmass  ’  F  traversed  by  the  sunlight  along  the 
slant  path  and  by  the  scattered  ray  along  the  vertical  path,  F  can  be  conve¬ 
niently  expressed  in  the  form 

F=  [/( Z)  -  1]  +  1 

P  o 

where  /  (Z)  is  a  function  of  Z.  / (Z)  tends  to  sec  Z  for  high  altitudes  of  the 
sun;  but  owing  to  the  curvature  of  the  earth, /(Z)  differs  increasingly  from 
sec  Z  as  Z  approaches  90°.  Gotz11  has  given  tables  of  slant  length  in  different 
2  km.  steps  above  the  point  of  observation  for  values  of  Z=  60° *75,  80°, 
86° -5  and  90°.  Similar  tables  were  prepared  for  a  few  more  angles  and 
these  were  used  in  the  calculations. 

The  following  Table  III  gives  the  values  of  the  scattering  and  absorption 
coefficients  used  in  the  calculations. 


Table  III 

Wavelength 

Decimal  absorption 
coefficient  per  cm. 
of  ozone  at  N.T.  P. 

Decimal  scattering 
c  oeffick-E  t  f  or  t4  c 
air  in  the  whole 
atmosphere 

A  3110  A 

a  1-275 

p  0-457 

A'  3300  A 

a'  0-074 

pf  0-361 

A"  4450  A 

a"  0 

pn  0-109 

The  scattering  coefficients  in  the  last  column  correspond  to  pure  mole¬ 
cular  scattering  including  anisotropic  scattering  and  refer  to  the  whole 
atmosphere  above  mean  sea-level.  The  actual  height  of  Delhi  is  218  m. 
above  sea-level  and  tha’:  of  Poona  is  563  m.  and  the  assumption  of  pure 
molecular  scattering  is  also  no!  quite  true  even  on  apparently  clear  days. 
But  considering  the  uncertainty  of  the  amount  of  dust  in  the  atmosphere 
above  Delhi  and  Poona  even  on  clear  days  and  the  fact  that  the  errors 
caused  by  the  above  two  discrepancies  are  of  opposite  signs,  it  was  consi¬ 
dered  that  the  values  adopted  were  good  enough. 
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§5.  Observational  Data 

Plotting  log  I/I'  against  Z4,  Dobson  found  that  for  any  group  of  days 
on  which  the  total  ozone  content  was  nearly  identical,  the  points  lay  prac¬ 
tically  on  the  same  Umkehr  curve.  There  was  a  largish  scatter  of  points 
when  Z  was  large  and  this  was  attributed  to  the  larger  errors  of  observa¬ 
tion  with  weaker  light.  He  concluded  that  the  shape  of  the  Umkehr 
curve  and  hence  the  vertical  distribution  of  ozone  was  a  function  mainly 
of  the  total  ozone  content. 

As  regards  the  observational  data  at  Delhi,  the  ozone  amounts  for  which 
Umkehr  curves  were  obtained  during  the  period  November  1945  to  March 
1947  varied  only  between  0-155  cm.  and  0-217  cm.,  35  good  days’  curves 
being  obtained  in  all.  Out  of  these,  27  curves  were  obtained  during  the 
period  November  to  June.  Dust  and  haze  during  the  latter  part  of  the  hot 
season  and  cloudiness  during  the  monsoon  season  make  it  difficult  to  obtain 
good  observations  during  these  seasons.  The  following  table  gives  the 
number  of  Umkehr  curves  obtained  for  various  amounts  of  ozone  at  Delhi. 


Ozone  amount 

No.  of  Umkehr 
curves 

<0*160  cm. 

4 

0.160—0*170  cm. 

12 

0*170—0*190  cm. 

12 

0*190 — 0*200  cm. 

4 

>0*200  cm. 

3 

For  the  purposes  of  calculations  in  this  paper,  a  few  representative  curves 
relating  to  clear  days  will  be  taken  and  these  are  shown  in  Fig.  1.  They 
relate  to  ozone  amounts  0-155  cm.  (lowest  quantity  observed  on  6-1-46 
at  Delhi),  0-217  cm.  (highest  quantity  observed  on  20-1-47),  0-175  cm. 
(mean  ozone  amount  for  a  group  of  3  similar  curves)  and  0-200  cm.  (the 
amount  on  another  selected  clear  day).  All  these  curves  happen  to  be  from 
the  winter  season  and  have  a  more  or  less  uniform  spread  of  ozone  amounts 
and  consistent  changes  in  positions  of  inversion. 

As  regards  the  observational  data  at  Poona,  the  curves  relate  to  the 
period  February  and  March  1948  only,*  8  good  curves  being  obtained  in 

*  There  are  a  few  days’  observations  taken  by  Dr.  Ramanathan  in  194ft  when  the  instru¬ 
ment  was  first  set  up  at  Poona.  The  calibration  of  the  optical  wedges  in  the  instrument  was, 
however,  not  checked  in  1940,  and  on  doing  ;this  later  in  1945  at  Delhi,  the  new  calibration 
showed  some  significant,  differences  from  the  one  supplied  by  the  manufacturers.  The 
calibration  was  therefore,  checked  regularly  on  different  occasions  during  the  periods  of 
observation  at  Delhi  and  Poona  and  fortunately  it  has  been  found  to  remain  the  same. 
Moreover,  in  1940,  zenith  sky  observations  for  values  of  the  zenith  distance  Z  of  the 
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all  for  ozone  amounts  varying  between  0-164  cm.  and  0*177  cm.  Fig.  2 
gives  two  representative  curves  for  Poona  with  ozone  amounts  0*164  cm. 
and  0*174  cm. 


sun  larger  than  87°  or  88°  could  never  be  obtained.  The  observations  made  in  1948  were 
quite  satisfactory  even  upto  Z  =  90°  or  more,  due  to  the  increased  sensitivity  of  the  instru¬ 
ment  resulting  from  the  replacement  of  the  old  valves  in  the  amplifier  by  new  ones  and  also 
due  to  the  use  of  higher  voltages  (within  the  limits  allowed)  for  the  amplifier  and  photo-cell 
when  the  incident  light  was  weak  at  the  time  of  sunrise  or  sunset.  More  weight  has  therefore 
to  be  given  to  the  observations  obtained  in  1948. 

Assuming  the  new  calibration  to  hold  good  for  the  observations  obtained  in  1940, 
calculations  were  also  made  for  an  Umkehr  curve  with  an  average  quantity  0-183  cm.  of 
ozone  and  this  gave  about  30  Km,  &s  the  average  height  of  ozone  over  Poona.  This  may  be 
compared  with  the  average  height  28  0  km.  obtained  in  1948  for  an  ozone  amount 
0-174  cm. 
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Fig.  2.  Intensity  of  zenith  sky  light  with  different  ozone  amounts  at  Poona 

§6.  Calculation  of  the  Height  Distribution  and  Results 

Table  IV  shows  the  values  of  log  I/I'  for  the  four  curves  relating  to  Delhi 
and  the  two  curves  relating  to  Poona  for  different  zenith  distances  Z  of  the 
sun* 

Table  IV 


Observed  values  of  log  ///'  for  different  values  of  Z 


z 

Z4  X 10~7 

Total  ozone  content  in  cm.  at  N.T.P. 

0-165 

Delh 

0-175 

i 

0-200 

0-217 

Poc 

0-164 

>na 

0-174 

50° 

0-625 

2-773 

2-738 

2-703 

• 

2-652 

2-774 

2-738 

lO 

I> 

o 

O 

CD 

1-36 

2-678 

2-627 

2-581 

2-523 

2-660 

2-632 

70° 

2-40 

2-528 

2-456 

2-397 

2-324 

2-495 

2-457 

80* 

4-10 

2-173 

2-068 

1-978 

1-907 

2-116 

2-060 

84° 

4-98 

1-933 

1-840 

1-770 

1-704 

1-845 

1-790 

86° -5 

5-60 

1-821 

1-782 

1-742 

1-713 

1-740 

1-703 

90° 

6-56 

1-928 

1-910 

1-893 

1-873 

1-812 

1-785 
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Calculations  were  made  assuming  different  ozone  amounts  in  the 
different  sections  and  adjusting  them  by  trial  and  error  till  satisfactory  agree¬ 
ment  was  reached  between  the  observed  and  calculated  values.  Since  the 
observed  values  also  include  a  constant  C  which  depends  on  instrumental 
factors,  this  constant  has  to  be  eliminated  by  making  the  observed  and 
calculated  values  equal  at  some  angle.  The  observed  values  extended  only 
upto  Z=  50°  for  the  Delhi  curves  except  in  the  case  of  the  curve  for  0- 175  cm. 
for  which  they  extended  upto  43°.  For  the  Poona  curves,  observations  are 
available  even  upto  20°.  Z=  50°  would  be  a  sufficiently  good  point  to 
secure  agreement  between  the  observed  and  calculated  values,  since  at  such 
an  angle,  the  value  of  log  I/I'  depends  very  little  on  the  height  distribution 
of  ozone  but  only  on  its  total  amount.  Thinking  that  0°  might  be  an 
even  better  point  to  choose,  the  values  of  log  I/I'  at  Z=  0°  were  determined 
by  extrapolation  from  the  observed  curves.  It  was,  however,  found  that 
when  there  was  agreement  at  0°  and  at  values  of  Z  equal  to  80°  and  higher, 
it  was  not  possible  to  obtain  agreement  at  the  intermediate  points  50°,  60°, 
70°  whatever  changes  were  made  in  the  assumed  distributions.  The  plot 
of  the  calculated  values  in  the  region  0°-  50°  also  showed  considerable 
differences  from  the  observed  or  extrapolated  curves. 

From  later  systematic  observations  at  Simla,12  the  trouble  was  traced 
to  the  effect  of  large  particle  scattering.  Although  the  sky  might  be  appa¬ 
rently  clear  and  this  effect  negligible  for  large  values  of  Z,  it  would  assume 
considerable  proportions  as  the  sun  approached  the  zenith.  The  result 
was  that  there  was  an  increasingly  greater  proportion  of  longer  wavelengths 
in  the  zenith- scattered  light  at  small  zenith  distances  of  the  sun  than  pure 
molecular  scattering  would  give.  This  effect  is  more  pronounced  for  the 
longer  wavelengths  4450  and  3300  A  (due  to  their  greater  separation  and 
smaller  ozone-absorption)  than  for  the  shorter  wavelengths  3300  and  3110  A, 
but  affects  the  shorter  wavelengths  also  to  some  extent.  As  a  result,  at 
small  zenith  distances  of  the  sun,  there  is  a  marked  difference  between  the 
observed  values  of  log  I/I'  and  the  values  calculated  on  the  assumption  of 
molecular  scattering.  This  can  be  seen  from  Figs.  1  and  2. 

Dobson  took  Z  =  37°  -5  as  the  point  where  the  calculated  and  observed 
curves  were  made  to  coincide  and  whatever  difference  he  found  at  this  point 
between  the  slopes  of  the  lines  drawn  through  the  observed  and  calculated 
points,  he  attributed  to  secondary  scattering.  Secondary  scattering  has 
undoubtedly  some  effect  and  would  make  the  observed  curve  slightly  less 
steep  than  the  calculated  one.  But  since  secondary  scattering  affects  both  the 
wavelengths  more  or  less  to  the  same  extent,  the  effect  on  the  ratio  log  I jV 
may  be  expected  to  be  small.  An  inspection  of  Figs.  1  and  2  giving  the 
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curves  for  Delhi  and  Poona  suggests  that  the  discrepancies  observed  at  these 
places  are  more  pronounced  than  can  be  attributed  to  neglect  of  secondary 
scattering  alone.  Large  particle  scattering  due  to  the  presence  of  dust  and 
haze  in  the  atmosphere  appears  to  be  mainly  responsible  for  the  difference 
between  the  observed  and  calculated  curves  for  small  zenith  angles  of  the 
sun. 

It  was  decided  to  adopt  Z  =  50°,  for  which  observations  are  available 
in  all  seasons,  as  the  point  where  the  observed  and  calculated  curves  should 
be  made  to  coincide,  and  adjust  the  distribution  of  ozone  so  as  to  secure 
agreement  at  higher  values  of  Z.  Since  the  effect  of  large  particle  scatter¬ 
ing  becomes  less  important  for  values  of  Z  higher  than  about  40° -45°,  this 
procedure  was  considered  satisfactory.  The  calculated  and  observed  points 
are  shown  in  Figs.  1  and  2  and  it  will  be  noted  that  the  agreement  is  satis¬ 
factory  in  the  region  50°-90°.  This  region  alone  is  important  for  determining 
the  height  distribution  of  ozone. 

Table  V  gives  the  amounts  of  ozone  in  cm.  per  km.  height  in  the  differ¬ 
ent  sections  obtained  from  the  final  calculated  distributions  corresponding 
to  the  different  total  ozone  amounts.  Since  we  have  assumed  uniform 
distribution  of  ozone  within  each  layer,  [he  centre  of  gravity  of  each  layer 
is  at  its  midpoint  and  the  centre  of  gravity  of  the  total  atmospheric  ozone 
can  also  be  found  easily  by  taking  moments  about  the  earth’s  surface. 
These  are  given  at  the  boitom  of  Table  V. 

Table  V 

Amounts  of  ozone  in  cm.  per  km.  heighi  in  different  layers  of  the 
atmosphere  over  Delhi  and  Poona 


Boundaries 
of  layer 
in  km. 

Total  ozone  content  in  cm. 

Layer 

No. 

0-155 

Del 

0-175 

li 

0-200 

0-217 

Poc 

0-164 

>na 

0-174 

6 

45—54 

0-0004 

0-0004 

0-0005 

0-0005 

0-0004 

0-0004 

5 

36—45 

0-0010 

0-0010 

0-0010' 

0-0012 

0-0023 

0-0024 

4 

27—36 

0-0077 

0-0080 

0-0080 

0-0080 

0-0070 

0-0075 

3 

18—27 

0-0055 

0-0070 

0 -0091 

0-0104 

0-0070 

0-0075 

2 

9—18 

0-0016 

0-0020 

0-0026 

0-0030 

0-0014 

0-0014 

I 

0-  9 

0-0010 

0-0010 

O-OOJO 

0-0010 

0-0001 

0-0001 

Average  height  of 
C.  G.  of  ozone 

above  sea-level  in 
km. 

26-3 

25-9 

25-3* 

25-1 

28-1 

28-0 

A4 
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Fig.  3  gives  block  diagrams  of  the  vertical  distributions  of  ozone  at 
Delhi  and  Poona.  Assuming  uniform  distribution  within  each  layer,  smooth 
curves  of  distribution  can  be  drawn,  care  being  taken  to  see  that  the  areas 
under  the  smooth  curve  and  the  block  diagram  for  each  section  are  equal. 
Fig.  4  shows  the  smooth  distribution  curves  so  obtained  for  Delhi  and  Poona. 
The  same  figure  also  gives  for  comparison  the  distribution  curves  obtained 
at  Arosa  and  Troms</>.  The  ratio  of  ozone  to  air  by  volume  at  different 
levels  in  the  atmosphere  was  also  calculated  and  the  results  are  summarised 
in  Table  VI  which  gives  the  height  distributions  both  of  ozone  amount  per 
km.  and  of  the  ratio  of  ozone  to  air  for  fixed  levels. 


D  E  L  H  I 


POONA 


Ozone  in  cm. per  km. height. 


Fro.  3.  Calculated  vertical  distributions  of  ozone  over  Delhi  and  Poona  corresponding  to 

different  total  ozone  amounts  x 
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Fig.  4.  Height  distributions  of  atmoshperic  ozone  in  different  latitudes 


Table  VT 


Height  distribution  of  ozone  over  Delhi  and  Poona  as  cm.  of  ozone 
per  km.  height  and  as  ratio  R  of  ozone  to  air  by  volume 
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§7.  Discussion  of  Results 

In  a  recent  pape:*8  on  the  day-to-day  variations  of  ozone  amount  over 
Delhi,  it  was  pointed  out  (i)  that  during  the  monsoon  months,  there  was 
very  little  day-to-day  variation  of  ozone  in  spite  of  the  varying  character 
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of  the  surface  weather,  and  (ii)  that  during  the  season  of  western  distur¬ 
bances,  there  were  marked  fluctuations  in  ozon6  amount,  deep  cold  waves 
of  dry  air  being  generally  associated  with  increase  in  its  quantity.  In  gene¬ 
ral,  advent  of  air  of  northerly  origin  in  the  upper  part  of  the  troposphere  is 
accompanied  by  increase  in  ozone  amount  and  advent  of  southerly  air 
(south-westerly  or  south-easterly  or  easterly)  by  a  decrease.  During  the 
monsoon  when  the  upper  air  movement  is  persistently  from  the  east  or 
south-east,  there  is  very  little  day-to-day  fluctuation.  In  Europe  also, 
July-August  is  the  season  of  minimum  day-to-day  variation  of  ozone. 

Considering  the  vertical  distribution  over  Delhi,  it  will  be  seen  from 
Table  V  that  the  maximum  ozone  content  lies  either  in  the  18-27  km.  layer 
or  the  27-36  km.  layer.  The  smooth  curves  for  Delhi  in  Fig.  4  show  that 
the  height  of  maximum  ozone  content  increases  from  about  22  km.  for 
0-217  cm.  to  30  km.  for  0-155  cm.  The  smooth  curves  for  Poona  show  the 
corresponding  height  of  maximum  ozone  content  to  be  about  28-30  km. 
for  0-170  cm.  of  ozone. 

In  general,  during  winter  and  early  hot  season,  any  increase  in  ozone 
occurs  mainly  in  the  layer  18-27  km.  and  to  a  smaller  extent  in  9-18  km. 
It  is  interesting  to  compare  these  results  with  those  obtained  in  higher  lati¬ 
tudes  at  Arosa  (47°  N.)  and  Tromssl  (70c  N.).  For  the  latter  place,  there  are 
two  sets  of  curves,  one  determined  from  the  earlier  short-term  observations 
of  Meetham  and  Dobson6  using  method  B  and  the  other  from  the  later  long¬ 
term  observations  of  T</>nsberg  and  Langlo7  using  method  A.  The  later 
Troms^  curves  show  better  agreement  with  the  Arosa  and  Delhi  curves  and 
will  be  used  for  discussion  here.  Both  at  Arosa  and  Tromsfi,  a  very  impor¬ 
tant  feature  is  that,  while  a  layer  of  comparatively  high  ozone  content  lies 
between  25  and  30  km.  for  different  total  ozone  amounts,  the  increases  of 
ozone  content  for  the  higher  ozone  amounts  occur  mainly  between  10  and 
25  km.  and  to  a  less  extent  between  5  and  10  km. 

Gotz11’ 13  has  made  the  suggestion  that,  at  least  for  larger  amounts  of 
ozone,  there  are  probably  two  maxima  in  the  ozone  distribution  curves, 
one  of  which  is  between  25  and  30  km.  and  the  other  at  a  lower  level. 
Recently,  Durand  and  co-workers14  have  given  a  preliminary  estimate  of  the 
vertical  distribution  of  ozone  in  the  atmosphere  from  measurements  of  the 
solar  ultraviolet  spectra  obtained  upto  an  altitude  of  88  km.  during  a  V-2 
rocket  flight  over  White  Sands,  New  Mexico,  when  the  total  amount  of 
ozone  was  0-27  cm.  Their  curve  shows  two  peaks  in  ozone  concentration 
at  about  17  and  25  km.  The  distribution  curves  obtained  at  Troms^  and 
Delhi  also  show  the  possibility  of  a  similar  feature  of  two  maxima  in  the 
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case  of  higher  ozone  amounts,  one  at  about  30  km.  at  both  the  places  and 
the  second  between  10  and  15  km.  at  Troms <p  and  between  20  and  25  km. 
at  Delhi.  This  point,  however,  requires  further  finer  analysis  and  will  no 
doubt  be  cleared  up  in  due  course. 

As  it  stands,  it  appears  to  be  a  world-wide  feature  that  there  is  a  primary 
maximum  of  ozone  content  at  25-30  km.  and  that  variations  in  izone 
amount  occur  mainly  between  10  and  25  km.  and  to  a  smaller  extent  between 
5  and  10  km. 

§8.  Concluding  Remarks 

It  will  be  useful  to  conclude  with  a  very  brief  survey  of  the  existing 
knowledge  regarding  the  distribution  of  ozone  in  the  earth’s  atmosphere. 
The  following  are  the  major  features  of  the  horizontal  distribution : 

(a)  On  the  mean  of  the  year,  the  ozone  amount  is  least  over  equatorial 
regions,  the  average  amount  being  about  0-18  cm.  There  is  little  variation 
over  the  tropics,  but  betwen  20°  and  60°,  it  increases  with  latitude,  the  annual 
average  being  about  0-25  cm.  at  60°  and  70u  N.  Very  low  values  of  ozone 
seem  to  be  common  within  the  Arctic  Circle  during  polar  nights  and  the 
annual  average  may  be  expected  to  decrease  on  the  poleward  side  of  latitude 
70°. 

(b)  fn  the  northern  hemisphere,  the  ozone  amount  is  a  maximum  in 
March- April  with  a  value  of  about  0-33  cm.  at  70°  N.  In  latitudes  up  to 
60°  N.,  the  minimum  occurs  in  October-November,  but  at  Troms</<  (70°  N.), 
the  month  of  minimum  is  delayed  till  December.  In  the  region  of  Indian 
and  Chinese  monsoons,  there  is  a  tendency  for  the  occurrence  of  a  secondary 
minimum  in  July-August. 

(c)  The  day-to-day  variations  are  smallest  throughout  the  northern 
hemisphere  in  July-August.  They  are  in  general  a  maximum  in  December- 
March  when  the  horizontal  gradients  of  ozone  amount  are  a  maximum. 
Near  the  Arctic  Circle,  violent  fluctuations  occur  in  December-January, 
changes  of  0-10  to  0  15  cm.  in  one  day  being  not  uncommon. 

Our  knowledge  regarding  the  vertical  distribution  has  already  been 
summarised.  In  the  tropics,  most  of  ozone  is  in  the  stratosphere  and  its 
amount  is  largely  controlled  by  the  photo-chemical  actions  causing  its  forma¬ 
tion  and  decomposition.16  These  do  not  vary  much  during  the  year.*  The 
tropospheric  convective  processes  which  carry  water  vapour  and  other 


*  Observations  at  Delhi  and  Poona  show,  however,  that  there  is  a  regular  daily 
variation  in  the  amount  of  ozone  in  the  tropics  with  a  minimum  at  about  midday.  The 
average  daily  amplitude  is  0  -003  to  0  -005  cm.  of  ozone. 
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particles  into  the  upper  part  of  the  troposphere  apparently  tend  to  destroy 
any  ozone  that  might  come  down  from  the  stratosphere.  Laboratory  experi¬ 
ments  support  this.  For  example,  A.  W.  Ewell10  found  that  photochemical 
formation  of  ozone  is  decreased  and  photochemical  decomposition  increased, 
each  by  a  factor  3,  when  dry  air  at  room  temperature  was  replaced  by  moist 
air. 

The  total  amount  of  ozone  over  any  place  at  a  definite  time  is  the  sum 
of  (i)  the  daily  equilibrium  amount  produced  by  the  photochemical  action 
of  sunlight  and  the  recombination  of  ozone  by  collision  processes  with 
atomic  oxygen  and  air  molecules,  and  (ii)  the  accumulated  ozone  below  the 
region  of  photochemical  ozone  formation  which  is  largely  screened  from  the 
decomposing  radiation  from  the  sun  and  which,  owing  to  low  temperature, 
undergoes  only  very  slow  thermal  decomposition.  The  vertical  distribution 
curve  cannot  be  expected  to  be  identica1  with  that  worked  out  on  the  basis 
of  purely  photo -chemical  processes ;  there  will  always  be  more  ozone  content 
on  the  lower  side  of  maximum  owing  to  accumulation.  The  lower  the 
tropopause  and  the  greater  the  thermal  stability  of  the  troposphere,  the 
larger  will  be  the  accumulation  of  ozone  below  the  level  of  ozone  formation. 
As  is  well  known,  Meetham17  found  a  positive  correlation  of  +0-8  between 
ozone  amount  over  Oxford  and  potential  temperature  at  18  km.,  and  Dobson 
and  Meetham18  found  a  negative  correlation  of  —0-7  between  ozone 
amount  and  height  of  tropopause.  Meteorological  factors  mainly  affect 
(ii)  and  it  is  mainly  changes  in  accumulated  ozone  that  show  themselves 
when  western  depressions  and  cyclones  cause  changes  in  air-mass  over  a 
place.  % 

Where,  as  in  the  tropics,  or  also  in  temperate  latitudes  in  July  and 
August,  lapse-rates  are  high  in  the  upper  half  of  the  troposphere  and  water 
vapour  has  the  greatest  chance  of  being  systematically  carried  upward,  the 
amount  of  accumulated  ozone  in  the  troposphere  and  the  day-to-day  changes 
in  ozone  amount  remain  persistently  small.  The  most  violent  fluctuations 
occur  where,  as  in  the  polar  regions  in  December  and  January,  there  is  a 
high  gradient  of  photochemically  formed  ozone  and  also  frequent  changes 
of  air-mass  and  accumulated  ozone  due  to  movement  of  depressions  and 
storms. 

The  study  of  the  vertical  distribution  of  ozone  in  equatorial  regions  and 
of  the  daily  variation  of  ozone  on  meteorologically  undisturbed  days  in 
all  parts  of  the  world  may  be  expected  to  throw  further  light  on  the  causes 
of  formation,  accumulation  and  transport  of  ozone  in  the  earth’s  atmos¬ 
phere. 
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Summary 

Observations  of  the  light  scattered  from  the  clear  blue  zenith  sky  were 
made  with  Dobson’s  photo-electric  spectrophotometer  at  Delhi  (28°  35'  N.) 
and  Poona  (18°31'N.)  during  the  periods  November  1945  to  March  1947 
and  February-March  1948,  and  these  have  been  used  to  determine  the 
height  distributions  of  atmospheric  ozone  at  these  places.  After  using 
Dobson’s  method  A  in  an  exploratory  way,  the  more  detailed  method  B 
was  used  to  calculate  the  vertical  distributions  from  the  observed  Umkehr 
curves.  Agreement  between  the  observed  and  calculated  points  was 
obtained  by  trial  and  error  at  various  zenith  angles  of  the  sun  in  the  range 
50°~9Q°  where  the  effect  of  large  particle  scattering  is  negligible. 

Distributions  of  ozone  are  given  for  total  ozone  amounts  varying  from 
6- 155  cm.  to  0-217  cm.  at  Delhi,  the  average  heights  of  ozone  for  these 
being  from  26-3  km.  to  25-1  km.  A  decrease  in  the  total  ozone  amount  is 
found  to  cause  a  rise  in  the  centre  of  gravity.  At  Poona,  distributions  for 
ozone  amounts  0-164  cm.  and  0-174  cm.  give  a  more  or  less  fixed  height 
of  x.8  -  0  km.  for  the  centre  of  gravity. 

The  paper  concludes  with  a  brief  survey  of  the  distribution  of  ozone 
in  the  earth’s  atmosphere  both  in  the  horizontal  and  the  vertical  and  shows 
that  it  is  easier  to  understand  the  regional,  seasonal  and  day-to-day  variations 
of  ozone  if  we  separately  consider  the  contributions  to  total  ozone  content 
over  any  place  from  the  photo-chemical  action  of  sunlight  and  from  transport 
in  the  horizontal  and  vertical  directions  of  the  accumulated  ozone  below 
the  level  of  primary  ozone  formation. 
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EFFECT  OF  DUST  AND  HAZE  ON  MEASUREMENTS 
OF  ATMOSPHERIC  OZONE  MADE  WITH  DOBSON’S 

SPECTROPHOTOMETER* 

By  K.  R.  RAMANATHAN,  M.A.,  D.Sc.,  and  R.  V.  KARANDIKAR,  M.Sc. 

Summary 

To  obtain  the  amounts  of  atmospheric  ozone  from  measure¬ 
ments  with  Dobson’s  photo-electric  spectrophotometer,  allowance 
has  to  be  made  for  the  extinction  of  light  by  scattering  due  to 
molecules  and  large  particles.  Dobson  has  proposed  two  slightly 
different  formulae  which  lead  to  appreciably  differing  values  on 
hazy  days.  The  assumptions  involved  in  the  formulae  are  examined 
and  Dobson’s  equation  is  generalized,  assuming  the  particle  scatter¬ 
ing  to  vary  as  A-n.  The  expression  for  the  ozone  amount  is  split  up 
into  two  terms,  the  first  main  term  being  that  obtained  on  the 
assumption  of  a  pure  atmosphere  and  the  second  correction  term 
denoting  the  haze-scattering.  On  calculating  the  ozone  amounts 
with  different  values  of  n,  it  is  found  that  these  show  much  greater 
consistency  if  n  has  a  value  intermediate  between  those  assumed  in 
Dobson’s  two  formulae  and  somewhere  near  zero. 

On  hazy  days  in  winter,  it  is  observed  that  (S'  —  &"),  the 
differential  haze-scattering  for  the  long  wavelengths  3300A  and 
4450A,  is  positive  and  its  magnitude  increases  with  increase  in  the 
haziness  of  the  sky.  This  is  similar  to  what  Is  observed  in  Europe. 
But  on  most  hazy  days  in  the  pre-monsoon  hot  season  in  North 
India,  (S' -3")  is  found  to  be  negative,  wdiich  means  that  the 
apparent  extinction  of  light  at  3300A  is  less  than  that  at  4450A. 

One  possible  explanation  is  that  with  certain  sizes  of  particles 
of  given  refractive  index,  the  extinction  by  scattering  increases  with 
increase  in  wavelength  as  was  found  from  observations  by  Gotz  in 
Switzerland  and  by  Stratton  and  Houghton  in  U.S.A.  An 
alternative  explanation  is  that  Dobson’s  instrument  analyzes  not 
only  the  transmitted  radiation  from  the  sun  but  also  some  scattered 
radiation  from  the  surrounding  hazy  sky.  It  is  probable  that  the 
North  Indian  summer  haze  scatters  in  the  forward  direction  an 
appreciable  amount  of  radiation  which  is  richer  in  shorter  wave¬ 
lengths  than  the  directly  transmitted  sunlight. 

For  calculating  the  daily  values  of  ozone,  it  is  proposed  to 
assume  the  particle  scattering  to  be  nearly  neutral  and  thus  varying 
as  A-”  with  n  =  o.  The  correction  term  in  the  generalized  formula 
then  becomes  0-165  (8' -  8")  and  is  obtained  from  observations  on 
the  long  wavelengths. 

*  Tihe  substance  of  this  paper  was  presented  at  a  meeting  of  the  Association 
of  Meteorology  of  the  International  Union  of  Geodesy  and  Geophysics  held 
at  Oslo  in  Norway  in  August  1948. 
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Definition  of  symbols  used  in  the  paper 


Dobson’s  notation  is  used  as  far  as  possible, 

7,  I',  I"  are  the  intensities  of  solar  radiation  transmitted  by  the 

earth’s  atmosphere  at  the  three  wavelengths  A  =  3iioA, 
A'  =  330oA  and  A"  =  445oA, 

I0,  I'0,  I0"  the  corresponding  intensities  outside  the  atmosphere, 

(3,  (3',  /3"  the  scattering  coefficients  of  the  whole  atmosphere 

due  to  small  particles,  including  but  not  solely  con¬ 
sisting  of  molecules. 

f31,  (3 /,  fii'  the  coefficients  of  scattering  by  molecules  alone, 

8,  S',  8"  the  scattering  coefficients  of  large  particles, 

a,  a',  a"  the  absorption  coefficients  of  ozone  per  centimetre  at 
N.T.P., 

a;  the  thickness  of  ozone  in  the  atmosphere  in  centimetres 

N.T.P., 

/x  the  ratio  of  the  thickness  of  ozone  traversed  by  the 
solar  radiation  to  the  normal  thickness,  x, 
m  the  thickness  of  the  atmosphere  traversed  by  the 
radiation  as  a  ratio  to  its  normal  thickness. 


L'  =  \o  g1-. 


K'  = 


A-4- A'-4 
A'-4  - A"-4 


I.0  =  log  ~  ; 

-*■  n 


L  O 
// 


V  =  log7V; 

n 


and  K  — 


A-n~A/*’ 


A'~n  -  A 


"  -n 


i.  Introduction 

While  calculating  the  daily  values  of  the  amounts  of 
atmospheric  ozone  over  Delhi  from  direct  sun  observations  with 
Dobson’s  photo-electric  spectrophotometer  (1931),  it  was  found  that 
the  observations  were  of  interest  not  only  for  calculating  ozone  but 
also  for  the  indications  they  give  of  some  of  the  scattering 
properties  of  the  atmosphere.  For  example,  on  using  Dobson’s 
original  formula,  viz. 

(L,-L)-K(L'-W) 

/x  {  (a  -  ad)  —  K cl'  } 

the  values  obtaintu  on  days  with  very  hazy  skies  were  markedly 
different  from  those  on  the  neighbouring  clear  days,  although  many 
of  the  hazy  days  were  not  associated  with  any  considerable  changes 
in  barometric  pressure  or  upper  air  temperatures.  Examining  the 
results  on  all  hazy  days  during  a  year,  it  was  found  that  the 
anomalies  were  of  two  types,  hazy  days  in  winter  giving  in  general 
lower  values  of  ozone  and  those  in  the  hot  season  giving  higher 
values.  An  effect  similar  to  that  observed  at  Delhi  in  winter  had 
been  found  by  T^nsberg  and  Langlo  Olsen  (1943)  working  at  Trorns^ 
in  Norway  and  they  accordingly  used  a  simpler  modified  equation, 
viz. 

(L0  -  L)  —  (/?,  —  /?,')  m 

■  fi(oi-a')  '  •  '  11 

also  due  to  Dobson. 
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On  recalculating  the  Delhi  data  with  Eq.  (1.2),  it  was  found 
that  contrary  to  what  had  been  obtained  with  (1.1),  hazy  days  in 
winter  gave  higher  values  of  ozone  and  hazy  days  in  summer  lower 
values.  On  very  clear  days,  both  formulae  gave  practically  identical 
results.  This  discrepancy  suggested  the  need  for  examining  further 
the  question  of  the  scattering  of  light  by  large  particles  on  measure¬ 
ments  of  atmospheric  ozone  with  Dobson’s  spectrophotometer.  The 
results  of  the  examination  are  summarized  in  the  present  paper. 

While  Dobson’s  original  relation  assumed  that  the  scattering 
arising  from  particles  other  than  molecules  is  partly  neutral  and 
partly  varies  as  1/A4,  Dobson’s  modified  relation  as  used  by 
T^nsberg  and  Langlo  at  Troms^  completely  neglects  non-molecular 
scattering.  In  this  paper  the  effect  of  assuming  the  non-molecular 
scattering  to  be  proportional  to  i/An  is  worked  out,  and  in  par¬ 
ticular,  the  applicability  of  the  values  for  n  —  u  and  n— 1-3  is 

o 

examined.  The  latter  value  was  found  by  Angstrom  (1929)  to  hold 
on  the  average  for  the  atmospheric  transmission  of  solar  radiation 
obtained  by  the  Smithsonian  workers.  Some  special  features 
brought  out  by  the  Delhi  observations  show  that  the  anomalies 
cannot  be  cleared  up  by  any  unique  value  of  n.  The  values  of  the 
error  that  can  be  caused  by  haze  on  the  measurements  of  x  from 
direct  sun  observations  are  estimated. 

After  the  examination  had  been  completed,  it  came  to  our 
knowledge  that,  in  1941,  Dr.  Dobson  had  issued  a  circular  in  which, 
after  analysing  the  results  of  many  direct  sun  observations  on  days 
of  varying  haziness,  and  consulting  other  workers  on  the 
atmospheric  transmission  of  sunlight,  he  had  suggested  formula 
(2-2).  Using  the  values  04  =  1-26,  a.'  =  o-og,  (3  =  0-47  and  =0*37, 
Eq.  (1.2)  could  be  written  as 


L0-L 

1-17/4 


-0-085 


(i-3) 


when  the  sun  is  not  too  low  and  m//x  could  be  replaced  by  unity. 
Dobson  had  found  that  on  days  of  haze,  0-085  had  to  be  increased 
to  a  larger  figure  up  to  o-ioo  and  more,  depending  on  the  amount 
of  haze. 


2.  Equations  for  calculating  ozone  amounts 


The  basic  equations  are  : 

log  I  =  log  I0-  cLXfx  —  /3m  -  8m  .  .  (2.1) 

log  Y  =  log  J0'  -  d'xfi  -  /3'm  -  8'm  .  .  (2.2) 

and  log  1"  =  log  I0"  -  a"x/4 - (3"m  -  8"m  .  .  (2.3) 

a",  the  absorption  due  to  ozone  at  4450A,  is  practically  equal  to 
zero,  and  we  get  on  combination, 


log 


I, 

r 


L  —  L0~  (a  -  a')  xjll  —  (/3—/3')  m  -  (8  -  8')  m 


(2.4) 


and  log  —  — L  =  L0'  +  x'xjm  +  (/T  -  /3")  m  +  (8'~  8")  m  (2 . 5) 

Dobson  assumes  that  S-S'  =  5'-8"  =  o  and  that 

/3-/3'  A-4 -A'-4 

(3'-/3"~  A'-WA"-4  ~K} 
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and  eliminating-  m,  he  gets 

..  (L0~L)-K(L'-W) 

/x  {  (a  —  a')  —  iv  a'  } 

This  method  of  obtaining  /3-(3'  for  the  wavelengths  3110A  and 
3300A  amounts  to  extrapolating  its  value  from  /3' - /3"  observed  for 
the  wavelengths  3300A  and  4450A,  by  using  the  A~4  relation.  This 
assumes  that  the  excess  scattering  over  molecular  scattering  can  be 
divided  into  two  parts,  one  neutral  (the  8  terms)  and  the  other 
governed  by  the  A-4  relation.  It  is  a  simple  and  convenient  division 
but  can  lead  to  error  if  8-8'  becomes  comparable  in  value  to  /31  —  (3/ 
(where  /3:  and  /?/  are  scattering  coefficients  due  to  molecules  alone ) 
and  cannot  therefore  be  neglected,  or  if  the  scattering  by  small 
particles  does  not  follow  the  strict  A-4  relation.  It  very  much 
depends  on  the  amount  of  haze  in  the  atmosphere  and  its  differential 
effect  on  3110A  and  3300A. 

In  Dobson’s  modified  relation  as  used  by  T^nsberg  and  Langlo, 
it  -is  assumed  that  / 8=(31 ,  /T  =  /3/  and  8-8'  can  be  neglected. 
Eq.  (2.4)  then  becomes 

(a  ~ 

It  will  be  noticed  that  in  this  relation  the  long-wavelength 
observations  are  not  used  at  all.  Haze  is  completely  neglected,  an 
assumption  that  suits  the  air  at  Troms^  on  most  days.  At  places 
however  where  there  is  haze,  the  numerator  in  Eq.  (1.2)  would  be 
too  large  because  the  dust-scattering  term  (8  —  8')  m  has  not  been 
subtracted  and  this  would  lead  to  too  large  a  value  of  On  the 
other  hand,  in  Dobson’s  original  relation  (1.1),  an  unduly  large 
value  of  K  is  taken  by  assuming  all  non-neutral  scattering  to  vary 
as  A~4  and  this  leads  to  too  small  a  value  of  a. 

3.  Angstrom's  turbidity  measure 

o 

Angstrom  (1930)  as  a  result  of  his  studies  of  the  atmospheric 
transmission  of  solar  radiation,  introduced  a  measure  of  atmospheric 
turbidity  in  the  form  log  I  =  log  I0—  (/3^+S)  m  where  /33  is  the  mole¬ 
cular  extinction  coefficient  and  8  the  extinction  coefficient  due  to  dust. 
He  showed  on  the  basis  of  Lindholm’s  experiments  with  MgO, 
Sb203  and  ZnO  that  8  could  be  expressed  in  the  form  8  =  yA~n  where 
y  and  n  are  independent  of  wavelength  and  0<Cn<C4-  He  called 
n  the  size-exponent  and  y  the  turbidity  coefficient  which,  for  constant 
n,  is  expected  to  be  proportional  to  the  amount  of  dust  in  the 
atmosphere.  For  particles  of  diameters  from  0-25^  to  2-o/x, 
Lindholm  found  that  n  varied  from  3-6  to  0-7.  From  the 
Smithsonian  observations  of  atmospheric  extinction  coefficients, 
Angstrom  concluded  that  n  lay  between  i-o  and  1-5  which 
corresponds  to  optically  effective  particles  of  diameter  about  i-o/x. 
Under  abnormal  conditions  such  as  those  following  volcanic  out¬ 
breaks,  n  was  found  to  decrease  to  0-5  or  less. 

o 

Linke  and  v.  dem  Borne  (1932)  modified  Angstrom’s 
calculations  by  allowing  for  the  variation  of  air  mass  with  altitude 
and  also  making  some  corrections  to  the  Rayleigh  transmission 
coefficients.  They  found  that  the  numerical  value  of  the  exponent 


(1.2) 
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increased  with  increase  in  height  of  the  observing  station.  In 
general,  the  clearer  and  drier  the  air,  the  higher  the  value  of  n. 


4.  A  GENERALISED  EQUATION  FOR  OZONE  AMOUNT 

In  view  of  the  above,  it  is  useful  to  consider  how  the  equation 
for  x  will  be  modified  if  the  dust-scattering  is  assumed  to  be 
proportional  to  A~n.  Introducing  ft,,  ft,',  ft,",  the  scattering 

coefficients  for  molecules  only,  in  place  of  ft,  ft ',  ft",  Eq.  (2.4)  and 
(2.5)  can  be  written  as 

(S  -  S')  m  =  (L0  -  L)  -  (a  -  a')  xjul  -  {ft,  -  ft,')  m 


and 

Writing 


(S'  -  S")  m  =  {L'~  L0')  -  a  V  -{ft,'-  ft,")  m 
8-8'  A.-"-A'-n 


(4-i) 

(4.2) 


K'  = 


K  S'- S"  A'-'l-A"-w  ’ 

{L0  —  L)  -  {a  —  v.')x}x  —  {ft,  —  ft,')  m 


and  ,x  = 


(U  -  L)  -  K'(U  -  L„)  -  m  {  (/3,  -  /?,')  -  -  /}")  } 

jx  {  (a  —  a')  —  K' a'  } 

(L0  -  L)  -  K'{L'  -  L'0)  -  m  {ft\  -  ft,")  {K  -  K’) 


(4-3) 

(4-4) 

(4*S) 


/*  {  (a  -  a')  -  K' a'  } 

This  has  similarities  of  appearance  to  both  (1.1)  and  (1.2). 
Comparing  (4.5)  and  (1.1),  it  will  be  seen  that  they  become  identical 
when  K  —  K'  =  0.384  corresponding  to  n  =  4.  Judged  from  this 
approach,  Dobson’s  original  assumption  was  equivalent  to  making 
n  =  4  for  molecular  scattering  and  the  non-neutral  residue  in  haze¬ 
scattering.  Similarly,  comparing  Eq.  (4.4)  and  (1.2),  it  is  seen 
that  they  become  identical  when  K'  =  o,  i.e.  when  n—  -00. 

Alternatively,  and  almost  directlv  from  (4*i),  one  may  write 
(L0-L)-m(/3,-M  'iT  nm  (4ft) 


X  = 


fj.  (a  —  ex')  [x  (a  —  a') 

When  the  sun  is  not  too  low,  m/fx^i  and  (4.6)  becomes 
(L0  -L)-m  {ft,  -  ft,')  K 


x  = 


v-  (a-0 
K' 


(a -a') 


.  (S'-S") 


=  xT  - 


(a  -  a') 


(S'-S") 


(4 -7) 


It  will  be  seen  that  the  first  term  xT  on  the  right  hand  side 
is  the  same  as  that  used  by  T^nsberg  and  Langlo.  The  second 
term  can  be  called  the  “  haze  term  ”  and  is  a  correction  which 
depends  on  (S'—  S"),  the  differential  dust-scattering,  and  on  K ' 
which  is  determined  by  the  relationship  we  use  to  derive  (S'  -  S") 
from  (S-S').  (S'-S")  can  be  obtained  from  the  observations  on 

the  long  wavelengths,  the  molecular  scattering  coefficients  and 
a'x.  Since  a'  is  small  (0-074),  a'x  can  be  determined  sufficiently 
accurately  with  an  approximate  value  of  x,  say  from  xT,  the  first 
term  in  (4.7).  This  is  similar  to  the  method  of  successive 
approximations  in  computing  actual  numerical  values. 
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5.  The  magnitude  of  the  haze  term  in  equation  for  ozone 

AMOUNT 


The  second  term  in  (4.7)  would  vanish  either  if  8' -8"  =  o  or 
K' —  o.  The  latter  alternative  would  mean  n=-oo  and  is 
physically  impossible.  The  values  of  K'  and  K'/(  a— a')  for 

\-n~y-n 

different'  values  of  n  in  the  relation  K'  =  ^  n — ■  are  given  in 


Table  I  below.  The  value  of  K'  when  n  —  o  can  be  obtained 
by  expanding  the  terms  and  shown  to  approach  the  limit 
logeA/A' 


logeA'/A' 
445°  A. 


0-1983  where  A,  A',  A"  have  the  values  3110,  3300  and 


TABLE  I. - VALUES  OF  K'  AND  K'  /  (a  — a')  FOR  VARIOUS  VALUES  OF  n 

(a  —  a')  =  1 .20. 


n 

K' 

K'l(  a-O 

n 

K' 

K'l  (a -a') 

4 

0-3837 

0-320 

—  0*1 

01948 

0162 

2 

0-2798 

0-233 

-o-5 

0-1813 

0-I5I 

i’3 

0-2488 

0-207 

— 1‘3 

0-1562 

0130 

°‘5 

0-2169 

0181 

—  2 

0-1367 

0-114 

o-i 

02019 

ot68 

-4 

00915 

0076 

0 

0-1983 

0165 

—  DO 

0 

0 

The  value  of  K'  decreases  as  n  decreases,  continues  to  decrease 
when  n  becomes  negative,  and  reaches  o  when  n=  -  00.  K' 
remains  positive  even  when  n  is  negative. 

As  reg'ards  8' -  8"  which  is  equal  to  - - -  (/S/  —  fix")  —  ol'x, 

m 

it  is  helpful  to  consider  a  few  concrete  instances.  Table  II 
gives  the  values  of  S'  —  8"  on  a  number  of  days,  both  clear  and  hazy, 
at  Delhi  and  Simla. 

The  table  also  gives  the  calculated  ozone  amounts  xT  assuming 
only  molecular  scattering  and  the  corrections  due  to  haze-scattering 
which  would  be  applicable  to  x:  if  haze-scattering  varied  with  wave¬ 
length  in  proportion  to  A~n  and  n  had  the  following  values:  -  1*3, 
o,  13  and  4. 

The  following  general  conclusions  can  be  drawn  from  the 
figures  in  Table  II.  ^ 

(i)  There  is  a  marked  positive  correlation  between  the  haziness 
of  the  sky  as  visually  observed  and  the  numerical  value  of  S' -  S" . 

(ii)  While  in  winter,  the  value  of  S'  -  S"  is  positive,  its  value  in 
the  hot  season  is  usually  negative.  The  haze  in  the  former  season 
mainly  arises  from  smoke  or  city  dust,  while  in  the  hot  season,  the 
major  part  of  the  haze  is  desert  sand  raised  by  wind. 

(iii)  If  xT  is  the  value  of  the  ozone  amount  calculated  on  the 
assumption  of  a  pure  atmosphere,  the  correction  to  be  applied  to 
xT  on  account  of  haze  is  largest  when  the  haze  is  assumed  to  scatter 
according  to  the  inverse  fourth  power  law,  and  becomes  smaller  as 
the  power  decreases  to  zero  and  still  smaller  when  it  begins  to  vary 
with  a  positive  power  of  the  wavelength. 

(iv)  On  very  clear  days  in  any  season,  the  correction  term  is 
negligibly  small  whichever  value  of  n  is  used.  On  moderately  clear 
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days,  the  maximum  correction  does  not  exceed  o-oo6  cm  even  with 

n  —  4. 

(v)  The  facts  that  the  magnitude  of  (S'  -  3")  does  not  become 
enormously  large  even  with  the  haziest  of  skies  and  that  it  changes 
sign  with  the  season  show  that  the  scattering  by  haze  is  for  the 
most  part  independent  of  wavelength. 

TABLE  II. — Values  of  (i)  S'  — 8",  (ii)  calculated  ozone  amounts  xt  assuming 

ONLY  MOLECULAR  SCATTERING  AND  (iii)  CORRECTIONS  K'  (S'  —  8")  /  (a  —  a')  DUE  TO 
HAZE-SCATTERING  IF  IT  VARIED  AS  A-n,  fl  HAVING  THE  VALUES  —  1.3,  0,  1.3  AND  4 

Ozone  absorption :  a  =  1.275;  a'=  0.074 

For  Delhi  (218  m  a.s.l.) :  ft  =  0.457;.  ft'  =  0.361;  ft"  =  0.109 

For  Simla  (2.45  km  a.s.l.) :  ft  =  0.353;  ft' =  0.279;  and  ft"  =  0.084 


JT'fS'-S") /(«-■') 


Place 

Date  and 

Xt 

»=  -1.3 

n  —  0 

»=  1.3 

n  =  4 

and 

nature  of 

n  —  —  00 

K'  = 

K'  = 

K'  = 

K'  = 

season 

sky 

m 

K'  =  0 

8'  -8" 

0.156 

0.198 

0.249 

0.384 

12-1-47 

1  90 

0’208 

0002 

0 

0 

0 

•001 

very 

clear 

2TO 

0'208 

0000 

0 

0 

0 

0 

Delhi  : 

18-12-46 

232 

0-191 

0015 

0002 

0002 

0003 

•005 

Winter 

fairly 

262 

0191 

o-oi6 

•002 

•002 

•003 

005 

clear 

17-11-46 

2'57 

0171 

0053 

•007 

•009 

•on 

•017 

hazy 

2-98 

0'i73 

0051 

•007 

•008 

on 

•016 

19-12-45 

2’33 

0-169 

0121 

•016 

•020 

025 

•039 

very 

3‘i7 

0-165 

O'lII 

•014 

•018 

•023 

035 

hazy 

24-5-46 

1-25 

0-190 

—  0003 

0 

0 

—  •00 1 

—  001 

v.  clear 

i-8r 

0-191 

—0-003 

0 

0 

— -ooi 

—  OOI 

Delhi  : 

10-6-46 

151 

0-187 

—  0-020 

—  •003 

-•003 

—  -004 

—  •006 

Hot 

f.  clear 

179 

0-190 

—  0-018 

—  •002 

—  ■003 

—  •004 

—  006 

season 

11-5-46 

1-38 

01 79 

-  0  029 

—  -004 

-  -005 

—  •006 

—  009 

milky 

1-91 

0-178 

—0  028 

—  •004 

-005 

—  006 

— foog 

19-5-46 

1  49 

0-171 

—  0-067 

—  •009 

—  on 

—  •014 

— -021 

v.  hazy 

1 '93 

0-176 

-0-053 

—  •007 

—  009 

—  •on 

—  017 

16-4-47 

2'2 1 

0195 

—  0004 

— -ooi 

—  001 

—  •001 

—  OOI 

v.  clear 

275 

0-194 

—  0-003 

0 

0 

—  -ooi 

—  OOI 

Simla  : 

19-4-47 

1-83 

ot88 

—  0005 

—  001 

—  .001: 

—  001 

—  002 

Early 

clear 

2TO 

0-189 

—  0002 

0 

0 

0 

—  •001 

hot 

23-4-47 

I'75 

0-187 

—  0-019 

—  •002 

-•003 

—  •004 

—  006 

season 

milky 

2-84 

0-187 

—  0-017 

—  002 

-  -003 

—  •004 

—  006 

21-4-47 

i  '33 

0-179 

—  0-024 

—  -003 

—  •004 

-•005 

—  •008 

v.  hazy 

1  '47 

0-179 

—  0-024 

-003 

—  004 

—  005 

—  -008 

6.  ■  Some  examples  of  the  effect  of  different  power  laws  for 

HAZE-SCATTERING 

The  following  examples  will  illustrate  how  the  assumption  of 
different  power  laws  for  the  variation  of  haze-scattering  with  wave¬ 
length  affects  the  calculated  values  of  ozone  amount. 

(i)  Fig.  i  shows  the  effect  on  a  cloudless  winter  day  in  Delhi 
when  there  was  marked  haze  between  io  and  n  hr  due  to  the 
raising  of  dry  ground  haze  by  thermal  turbulence.  xT,  x0,  Xi.3  and 
x4  are  the  values  of  the  ozone  amount  calculated  (a)  when  the 
atmosphere  was  treated  as  pure  and  no  allowance  was  made  for 
haze,  i.e.  when  n  in  \~n  was  taken  to  be  -  oo  and  K' =  o,  ( b )  when 
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Fig.  1.  Effect  of  assuming  different  formulae  for  particle  scattering  on  the  calculated  ozone  amounts 
at  Delhi  on  a  winter  day  with  marked  haze.  Note  the  scatter  of  values  at  the  haziest  part  of  the  day. 


Fig.  2.  Effect  of  assuming  different  formulae  for  particle  scattering  on  calculated  ozone  amounts  at 
Delhi  in  winter  and  in  the  hot  season.  Afternoon  observations  on  successive  days  including  days 
with  marked  haze  are  given;  forenoon  observations  are  given  for  17  November  1945  only.  Some 
hourly  readings  of  barometric  pressure  on  each  day  are  also  given.  Note  the  scatter  of  values  on 

hazy  days. 
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n  =  o  and  K'  =  0-198,  (c)  when  n=  13  and  K'  =  0-249  and  (d)  when 
n  =  4  and  K'  =  0-384.  x4  is  the  value  according  to  Dobson’s  original 
formula  and  xT  the  value  according  to  his  revised  formula  for  a 
pure  atmosphere  as  used  at  Troms<p. 

It  appears  that  the  best  fit  for  x  would  have  been  somewhere 
between  *0  and  *T  and  nearer  x0  than  xT. 

(2)  Fig.  2  shows  similar  values  of  at,  x0,  xlm3  and  x4  on  a  number 
of  consecutive  days  in  winter  and  in  the  hot  season  at  Delhi.  It 
may  be  noted  that  in  the  winter  months  November  and  December, 
the  values  of  x4  are  the  lowest  and  those  of  xT  the  highest,  while  in 
the  hot  season  months  May  and  June,  xT  is  lowest  and  x4  highest. 

7.  Further  discussion  of  the  variation  of  haze-scattering 

WITH  WAVELENGTH 

It  seems  clear  that  on  a  large  number  of  occasions,  the  value 
of  S'  -  8"  is  negative.  This  means  one  of  two  things: 

(1)  Either  the  attenuation  due  to  particle  scattering  at 
3300A  is  smaller  than  that  due  to  particle  scattering  at  4450A — 
which  is  anomalous — but  has  been  observed  elsewhere,  particu¬ 
larly  by  Dr.  F.  W.  Paul  Gotz  (1932)  in  Switzerland,  and 
explained  on  the  basis  of  scattering  by  particles  of  a  definite 
range  of  sizes  in  relation  to  wavelength,  or 

(2)  The  instrument  is  analyzing  not  directly  transmitted 
light  alone,  but  also  some  scattered  light  from  the  haze.  If  the 
scattered  light  is  large  in  amount  and  comparable  in  intensity 
to  the  direct  light  from  the  sun,  the  mixed  light  may  contain 
more  of  3300A  than  of  4450A  than  the  directly  transmitted 
light  alone. 

(1)  Following  the  investigations  of  G.  Mie,  Lord  Rayleigh  and 
others,  Stratton  and  Houghton  (1931)  calculated  the  attentuation 
coefficients  of  light  due  to  scattering  by  transparent  spheres  of  refrac¬ 
tive  index  4/3  and  showed  that  if  the  attentuation  is  expressed  in  the 
form 

I  =  I0e~  2™r2x 

where  v  is  the  number  of  particles  per  unit  volume  and  r  the  radius 
of  the  particles,  y  is  a  function  of  2nrj\  whose  value  is  as  given  in 
Table  III  below  (1943):  — 

TABLE  HI 


2.nr/A  o  2  4  6  8  10  11  12  16  20  30  40 

X  0  0-31  1-36  193  i-6q  no  0-88  I'oo  1-34  U25  1*09  ro4 


So  long  as  2nr/X  lies  below  6,  a  decrease  of  wavelength  for  a  given 
particle-size  causes  an  increase  of  scattering,  but  when  it  lies 
between  6  and  11,  a  decrease  of  wavelength  is  accompanied  by  a 
decrease  in  scattering.  With  a  suitable  range  of  sizes  of 
atmospheric  particles,  it  can  therefore  happen  that  light  of  wave¬ 
length  4450A  is  scattered  considerably  more  than  light  of  wave¬ 
length  3300A,  and  there  is  evidence  for  this  from  the  observations 
of  Houghton  in  U.S.A.  and  of  Gotz  in  Switzerland. 

(2)  The  character  of  the  haze  over  north  and  central  India 
during  the  dry  months  of  the  year  undergoes  a  marked  change 
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from  winter  to  summer.  The  winter  haze  is  dry  ground-haze  com¬ 
posed  of  inorganic  and  organic  particles,  mainly  from  places  of 
human  habitation.  It  is  light  brown  in  colour,  generally  settles 
during  the  night  and  rises  up  in  the  forenoon  and  gets  dissipated 
by  thermal  turbulence  and  mixing  with  the  upper  air  by  noon.  In 
the  hot  days  of  the  pre-monsoon  season,  the  haze  is  generally 
thicker,  of  a  more  permanent  character  and  whitish  in  colour. 
Lapse  rates  are  high  in  the  first  4  or  5  km  and  with  the  rather 
frequent  occurrence  of  dust-devils  and  dust-storms  and  sometimes 
of  thunderstorms,  the  dust  extends  upwards  into  the  atmosphere, 
and  when  the  upper  winds  weaken,  the  haze  persists  over  a  large 
part  of  north  India  as  a  milky  canopy.  At  small  angles  from  the 
sun,  the  scattered  light  from  the  sky  is  of  the  same  order  of  intensity 
as  the  directly  transmitted  light  from  the  sun. 

When  taking  direct  sun  observations  with  Dobson’s 
spectrophotometer,  the  light  from  the  sun  is  directed  towards  the 
slit  of  the  instrument  by  means  of  a  sun  director,  and  over  the  slit 
is  placed  a  ground  quartz  disc.  According  to  the  instructions  issued 
with  the  instrument,  “  the  position  of  the  lens  is  adjustable,  but  for 
all  standard  measurements  it  should  be  in  its  lowest  position.  For 
certain  special  purposes,  such  as  when  a  direct  image  of  the  sun 
is  thrown  on  the  slit,  it  is  moved  upwards,  but  the  constants  of  the 
instrument  are  then  changed,  and  readings  are  difficult.”  Such  an 
adjustment  allows  not  only  light  from  the  sun,  but  also  light  from 
some  angular  area  of  the  surrounding  sky  to  illuminate  the  ground 
quartz  disc.  If  the  particles  are  not  of  too  large  diameter  and  do 
not  exercise  selective  absorption  in  the  violet  end  of  the  spectrum, 
the  scattered  light  will  in  general  be  richer  in  shorter  wavelengths, 
though  it  may  not  be  as  rich  as  if  Rayleigh’s  law  of  scattering  were 
valid,  and  the  quantity  of  light  coming  from  an  angular  area  of  a 
few  degrees  of  whitish  sky  round  the  sun  would  be  comparable  in 
amount  with  the  directly  transmitted  light  from  the  sun.  This  may 
account  for  the  negative  values  of  (S'  -  S")  in  the  hot  season  when 
the  sky  is  covered  with  white  haze.  Measurements  are,  however, 
required  to  establish  this. 

This  effect  would  also  occur  in  winter,  but  the  haze  in  winter 
i^  generally  much  less  thick.  Moreover,  if  the  particles  show  greater 
absorption  in  the  blue  end  of  the  spectrum  as  organic  matter  and 
city  haze  usually  do,  there  will  not  occur  the  same  excess  of  light 
of  shorter  wavelengths  in  the  scattered  light. 

8.  Choice  of  scattering  exponent  for  calculating  daily  values 

OF  OZONE 

It  now  remains  to  choose  a  reasonably  satisfactory  value  of  n 
for  the  exponent  in  the  dust-scattering  term  for  calculating  daily 
values  of  ozone.  A  single  value  of  n  for  different  seasons  or  even 
for  different  days  in  the  same  season  can  at  best  be  only  a  com¬ 
promise.  It  is  known  that,  besides  the  small  particles  of  Rayleigh 
scattering,  there  do  exist  in  the  atmosphere  particles  which  are 
intermediate  in  size  between  the  Rayleigh  particles  and  the  large 
particles  which  scatter  strictly  neutrally.  But  the  effective  value  of 
n  to  be  used  will  depend  upon  the  relative  abundance  of  the  large 
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particles  and  these  intermediate  particles.  Though  Angstrom’s 
value  n=  1-3  might  be  reasonably  good  for  normal  conditions,  it  is 
likely  to  be  too  high  on  hazy  days  and  too  low  on  very  clear  days 
and  at  high  level  stations. 

It  appears  from  Fig's.  1  and  2  that  the  best  fit  for  x  would  have 
been  somewhere  between  x0  and  xT  and  hearer  x0  than  xT,  so  that 
the  value  n—o  seems  to  be  more  reasonable  than  either  a  positive 
or  negative  power  of  A.  Moreover,  it  is  seen  from  the  magnitudes  of 
the  “  haze  term  ”  in  Table  II  that  the  difference  in  the  calculated 
ozone  amounts  does  not  exceed  0-005  cm,  even  on  the  haziest  days, 
by  adopting  n  =  o  instead  of  71=1-3;  on  dear  days  it  is  immaterial 
which  value  of  n  is  adopted.  The  assumption  of  strictly  neutral 
scattering  thus  seems  to  be  a  good  all  round  approximation.  In 
this  case,  the  formula  for  x  would  be 

(L0  -  L)  -  (ft  -  ft')  m  0-198  ^ 

*= - - (a  v.';  {h  ’■ 

In  addition  to  the  short  wavelength  observations,  observations  have 
also  to  be  taken  for  the  long  wavelengths  3300A  and  4450A  and 
these  latter  used  to  calculate  (S'—  8").  If  (a  — a')  is  assumed  to  be 
1-20,  the  correction  term  becomes  0-165  (S'-S")** 
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To  determine  the  vertical  distribution  of  ozone  in  the  atmosphere,  two  methods  are  in 
general  use  :  (a)  measurement  of  the  intensities  of  lines  in  the  solar  spectrum  in  the  Hartley 
band  from  photographs  taken  at  different  heights  in  the  atmosphere  with  spectrographs  sent 
up  with  sounding  balloons  (E.  and  V.  H.  Regener  1934,  E.  Regener  1952),  or  in  V2  rockets 
(U.S.  Nav.  Res.  Lab.  1947,  Gotz  1951)  and  ( b )  by  analysing  the  ratio  (///')  of  the  intensities 
of  the  light  coming  from  the  zenith  sky  at  different  zenith  distances  of  the  sun  in  two  narrow 
spectral  bands,  say  A  3112  and  A  3323,  the  first  of  which  is  in  the  ozone-absorption  region 
and  the  other  just  outside  that  region  (Gotz  et  al.  1934).  The  phenomenon  discovered  by 
Gotz  that  the  ratio  1/ 1'  decreases  with  increasing  zenith  distance  of  the  sun  up  to  about 
85°  and  increases  thereafter  is  known  as  the  ‘  umkehr  '  or  inversion-effect. 

The  calculation  of  the  ozone  distribution  from  the  inversion-effect  assumes  that  I/I'  =  P/P' 
where  P  and  P'  are  the  intensities  of  the  light  primarily  scattered  downwards  along  the  vertical 
by  the  molecules  of  the  air,  making  due  allowance  for  the  attenuation  of  the  light  by  molecular 
scattering  and  ozone  absorption.  The  neglect  of  higher  orders  of  scattering  in  the  calculation 
of  ///'  is  a  source  of  error  in  the  determination  of  vertical  distribution. 

The  error  involved  would  be  expected  to  be  small  if  the  scattering  and  absorption 
coefficients  for  A  3112  and  A  3323  were  nearly  the  same;  for  then,  multiple  scattering  will 
affect  I  and  I'  by  nearly  the  same  factor  and  we  are  concerned  with  1/ 1'.  Actually  the  absorption 
coefficient  of  ozone  for  A  3112  is  much  larger  than  that  for  A  3323  and  as  a  consequence  there 
will  be,  at  low  altitudes  of  the  sun,  comparatively  much  more  multiply-scattered  light  of 
A  3323  from  the  denser,  lower  part  of  the  atmosphere  than  of  A  3112.  The  observed  ratio 
/3U2/I3323  wiH  be  smaller  than  the  calculated  ratio  P3112 1^3323- 

It  should  be  possible  to  calculate  the  effect  of  the  multiple  scattering  in  the  zenith  sky 
light  by  the  methods  introduced  by  Chandrasekhar  (1950),  but  that  has  not  yet  been  done.  In 
the  meantime,  actual  measurements  of  the  umkehr  effect  made  on  the  same  morning  or  evening 
with  different  pairs  of  wavelengths  enable  us  to  obtain  some  idea  of  the  errors  involved  in 
neglecting  multiple  scattering. 

A  Dobson  ozone  spectrophotometer  of  the  modified  type  in  which  the  shorter  wave¬ 
length  can  be  varied  from  about  3040  A  to  3200  A  and  the  longer  from  3240  A  to  3430  A 
has  been  in  regular  use  at  Mount  Abu  (24°  N.)  since  October  1951.  With  the  cloudless 
weather  which  prevails  at  this  station  for  nearly  nine  months  in  the  year,  it  has  been  possible 
to  obtain  umkehr-curves  from  the  zenith  sky  on  the  same  day  for  the  pairs  of  wavelengths 
3112-3323  and  3075-3278  on  a  number  of  days.  The  vertical  distributions  of  ozone  have 
been  calculated  from  observations'  on  each  of  these  pairs  of  wavelengths  and  also  with  the 
pair  3112-3075  by  eliminating  the  effects  of  3323  and  3278.  When  the  wavelengths  under 
comparison  are  3112  and  3075,  both  of  which  are  strongly  absorbed  by  ozone,  the  effects  of 
multiple  scattering  on  the  two  wavelengths  roughly  balance  out  each  other.  Similarly  when 
the  little-absorbed  wavelengths  3323  and  3278  are  compared,  there  is  again  an  approximate 
balance. 

The  vertical  distribution  obtained  from  observations  on  wavelengths  3112-3323  is 
nearly  the  same  as  that  obtained  from  those  on  3075-3278  but  the  distribution  obtained  with 
3075-3112  is  markedly  different,  the  centre  of  gravity  of  ozone  in  the  last  case  being  lower. 

Table  I  gives  comparative  figures  of  distribution  for  3  days  with  ozone  amounts  0-153  cm, 
0- 188  cm  and  0-209  cm  respectively. 


Quart.  Journ.  Roy.  Met.  Soc.  78,  625-626,  1952. 
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TABLE  I.  Vertical  distribution  of  ozone  from  Gotz  inversion-effect  at  Mount  Abu  (24°  40'  N), 

India. 


Each  layer  is 

9  km  thick.  Layer  1 

is  0-9  km,  layer  2,  9  km-18  km, 

etc. 

Date 

10s  X  amount 

Pairs  of  wave 

Amount  of  Oa 

in  different  layers 

of  03  in  cm 

lengths  used 

1 

2 

3  ‘ 

4 

5 

6 

21  Oct. 

153 

(a)  3075/3278 

9 

9 

62 

59 

9 

5 

1951 

(b)  3112/3323 

0 

9 

62 

68 

12 

3 

(c)  3075/3112 

9 

18 

78 

41 

5 

3 

(c)  -  fb) 

9 

9 

16 

-  27 

-  7 

0 

5  Feb. 

188 

(a)  3075/3278 

0 

16 

97 

54 

13 

7 

1952 

(b)  3112/3323 

0 

18 

99 

53 

14 

4 

(c)  3075/3112 

9 

27 

103 

40 

5 

5 

(c)  -  (b) 

9 

9 

4 

-  13 

-  9 

0 

7  Feb. 

209 

(a)  3075/3278 

5 

13 

111 

63 

13 

5 

1952 

(b)  3112/3323 

9 

13 

111 

64 

11 

1 

(c)  3075/3112 

0 

18 

131 

36 

15 

8 

(c)  -  (b) 

-  9 

5 

20 

-  28 

4 

7 

In  all  three  instances,  the  effect  of  the  substitution  of  AA  3075-3112  for  3112-3323  or 
3075-3278  is  to  increase  the  ozone  content  in  the  layers  9  km  to  27  km  and  decrease  it  in 
the  layer  27  km  to  36  km.  The  maximum  day-to-day  variations  occur  in  the  layer  18  km  to 
27  km.  The  lowering  of  the  centre  of  gravity  of  the  ozone  as  a  result  of  these  revised  calcula¬ 
tions  enhances  the  significance  of  ozone  measurements  for  elucidating  movements  in  the 
upper  troposphere  and  lower  stratosphere  even  in  sub-tropical  latitudes. 

These  results  and  also  the  day-to-day  vertical  ozone  distributions  will  be  discussed 


more  fully  elsewhere. 
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In  extra-tropical  latitudes,  fluctuations  in  ozone  amount  occur  from  day 
to  day.1  These  are  most  marked  in  late  winter  and  early  spring  and  least 
marked  in  late  summer.  In  low  latitudes,  the  inter-diurnal  variability  is 
generally  small;  in  N.  India,  during  the  months  December  to  April,  when 
active  western  disturbances  pass  across  the  country,  fluctuations  of  a  similar 
character  occur,  but  are  less  frequent  and  of  smaller  amplitude.  This  can 
be  seen  from  Fig.  1  which  shows  the  daily  values  of  ozone  over  Mount  Abu 
(Lat.  24°  26'  N.,  Long  72°  43'  E.,  3,900  ft.  above  sea  level)  in  the  period 
November  1951  to  June  1952. 

DAILY  OZONE  AMOUNTS 
Mount  Abu  —  Nov.  1958  to  June  1952 


321 


Pro:.  Ind.  Acad.  Sci.  A.  37,  321-331,  1953. 


646 


322 


K.  R.  Ramanathan  and  R.  N.  Kulkarni 


The  inter-diurnal  variation  of  ozone  at  a  station  in  Europe  is  known 
to  be  closely  related  to  meteorological  conditions,  the  closest  correlation 
perhaps  being  between  the  ozone  amount  and  the  height  of  the  tropopause, 
the  ozone  amount  increasing  with  a  lowering  of  the  tropopause.2’ 3  In  India, 
with  the  limited  high-level  upper  air  data  available,  it  appears  that  even 
during  winter,  the  correlation  between  the  height  of  the  tropopause  and  the 
pressure  field  at  ground  level  is  much  less  close  than  in  temperate  latitudes ; 
so  also  is  the  association  between  ozone  and  surface  pressure.4  Still,  it  was 
felt  that  some  insight  would  be  obtained  into  the  connection  between  ozone 
and  weather  if  in  the  period  of  western  disturbances,  not  only  the  changes 
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Table  T 


Height  Distribution  of  Ozone  at  Mount  Abu 


Date 

Pressure  at 
1730  hrs. 
I.S.T.  (mb.) 

Ozone 
Amount 
10~3  cm. 

Amount  in  successive  9  km.  layers  in  10" 

(1)  (2)  (3)  (4)  (5) 

■3  cm. /km. 

(6) 

1951— Oct. 

21 

901-9 

153 

0 

1-0 

6-9 

7-5 

1-3 

0-3 

31 

•  • 

901-3 

164 

0 

1-0 

8-4 

7-2 

1-3 

0-3 

Nov. 

2 

.  • 

903-4 

173 

0 

1-0 

8-1 

8-2 

1-6 

0-3 

3 

903-2 

172 

0 

1-0 

8-0 

8-2 

1-6 

0-3 

4 

.  . 

904-2 

169 

0 

1-0 

7-8 

8-0 

1-6 

0-4 

6 

•  • 

•  • 

164 

0 

1-0 

7-3 

8-0 

1-6 

0-3 

8 

•  . 

903-9 

160 

0 

1-0 

7-3 

7-6 

1-6 

0-3 

10 

.  . 

904-2 

154 

0 

1-0 

6-7 

7-6 

1-5 

0-3 

11 

•  . 

902-1 

158 

0 

1-0 

7-2 

7-6 

1-5 

0-3 

13 

.  . 

902-8 

149 

0 

1-0 

6-4 

7-6 

1-4 

0-2 

19 

.  . 

902-2 

154 

0 

1-0 

6-7 

7-6 

1-4 

0-4 

21 

901-7 

173 

0 

2-0 

8-0 

7-2 

1-7 

0-3 

Dec. 

16 

,  # 

903-0 

159 

0 

1-0 

7-5 

7-4 

1-4 

0-4 

23 

•  . 

905-5 

172 

0 

1-3 

8-5 

7-2 

1-6 

0-5 

25 

.  . 

904-8 

175 

0 

1-0 

8-3 

8-0 

1-6 

0-5 

31 

•  • 

899-5 

176 

0 

1-0 

8-4 

8-1 

1-6 

0-0 

1952— Jan. 

4 

902-6 

177 

0 

1-6 

8-4 

7-6 

1-6 

0-6 

9 

*  * 

900-7 

156 

0 

1-0 

8-0 

6-5 

1  •  4 

0-4 

Feb. 

5 

.. 

901-8 

188 

0 

2-0 

11-0 

5-9 

1-6 

0-4 

7 

•  * 

901-3 

209 

1-0 

1-5 

12-3 

7-1 

1-2 

0-1 

Mar. 

14 

.. 

898-6 

195 

0 

1-0 

12-2 

6-4 

1-6 

0-5 

18 

•  « 

901-4 

177 

0 

1-0 

9-5 

7-3 

1  -4 

0-5 

19 

a  . 

900-4 

170 

0 

1-0 

9-1 

7-0 

1-5 

0-3 

22 

,  , 

898-0 

198 

0 

1-0 

12-5 

6 -5 

1-5 

0-5 

25 

.  , 

900-8 

173 

0 

1-0 

9-1 

7-2 

1-5 

0-4 

28 

•  • 

900-2 

180 

0 

1-0 

9-9 

7-2 

1-6 

0-4 

Apr. 

2 

900-7 

198 

0 

1-0 

12-6 

6-5 

1-4 

0-5 

7 

901-1 

185 

0 

1-0 

10-3 

7-2 

1  -5 

0-5 

13 

•• 

902-3 

183 

0 

1-0 

10-3 

7-2 

1  -5 

0-2 

Sept. 

9 

-• 

896-3 

162 

0 

1-0 

7-8 

7-4 

1-4 

0-2 

Oct. 

10 

•  • 

898-2 

164 

0 

1-0 

8-0 

7-5 

1-5 

0-3 

Nov. 

11 

•  • 

901-4 

158 

0 

1-0 

7-7 

7-2 

1-4 

0-3 

Weather  Remarks  : — 

Nov .  13-17 — Arabian  Sea  storm  appeared  near  12°  N.,  65°  E.  on  13th,  moved  north  and 
disappeared  off  Kathiawar  on  17th. 

Feb'  5 _ Following  W.  disturbance  which  was  active  in  Punjab,  U.P. 

Yeb.  7 — Disturbance  from  south  affecting  Madhya  Pradesh. 

Mar.  14 _ W.  disturbance  centred  between  Bikaner  and  Gwalior. 

Mar .  22— W.  disturbance  located  N.-E.  of  Abu. 

Apr.  2— W.  disturbance  over  N.  Rajasthan,  U.P. 
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of  ozone  amount  but  also  the  changes  in  vertical  distribution  could  be 
studied.  This  is  a  difficult  problem,  because,  close  to  a  centre  of  low  pressure, 
clouding  prevents  the  collection  of  a  connected  series  of  clear  zenith  sky 
observations  which  are  necessary  for  determining  the  height  distribution  of 
ozone.  Mount  Abu  is  however  well  situated  for  attempting  such  observa¬ 
tions,  and  it  has  been  possible  to  collect  umkehr  observations  of  the  zenith 
sky  on  112  days  during  the  period  October  1951  to  November  1952.  Some 
of  the  observations  were  on  consecutive  days.  The  present  paper  contains 
a  summary  of  the  results  so  far  analysed,  followed  by  a  discussion  of  the 
variations  in  the  height  distribution  of  ozone  corresponding  to  different 
ozone  amounts,  first  over  Mount  Abu,  and  then  over  other  places  on  earth 
for  which  data  are  available.  The  consideration  of  the  Indian  data  in  rela¬ 
tion  to  weather  will  be  taken  up  on  a  later  occasion. 

2.  The  zenith  sky  intensity  observations  were  taken  on  two  pairs  of 
wavelengths,  the  usual  pair  A  3112/A  3323  and  another  pair  A  3075/A  3278.* 
The  method  of  calculating  the  height  distribution  is  the  same  as  that  explained 
in  a  previous  paper.5  It  was  found  that  practically  identical  results  were 
obtained  from  observations  on  either  pair  of  wavelengths  made  on  the  same 
day  (Sample  umkehr  curves  on  the  two  pairs  of  wavelengths  are  given  in 
Fig.  2  (5-2-1952  and  7-2-1952). 

3.  Table  I  gives  the  height  distribution  of  ozone  on  34  days  in  the 
period  October  1951  to  November  1952  for  which  the  data  have  been  calcu¬ 
lated.  Of  these,  29  days  fall  in  the  months  November  to  April.  The  ozone 
amounts  and  the  evening  pressures  at  Mount  Abu  at  1730  hours  I.S.T.  have 
also  been  given. 

The  following  points  are  noteworthy. 

(1)  Most  of  the  changes  in  ozone  take  place  in  the  layer  18  to  27  km.,  the 
amount  in  that  layer  increasing  with  increasing  total  amount.  The  largest 
increases  have  occurred  shortly  before,  or  shortly  after,  the  passage  of  centres 
of  western  depressions  across  the  longitude  of  Abu. 

(2)  There  is  no  detectable  ozone  in  the  layer  0-9  km.,  and  only  a  very 
small  quantity  in  9-18  km.  The  latter  shows  a  slight  increase  when  the 
ozone  amount  is  high. 

*  The  usual  method  of  computing  the  height  distribution  of  ozone  from  umkehr  obser¬ 
vations  with  the  assumption  that  the  vertically  scattered  skylight  is  entirely  made  up  of 
primarily  scattered  light  is  open  to  objection  and  probably  leads  to  too  low  a  value  of  ozone 
in  the  first,  second  and  third  layers.  This  question  is  under  investigation  (Q.  J.  Roy.  Met. 
Soc.,  1952,  78,  625).  It  is  however  believed  that  the  general  nature  of  the  discussion  followed 
in  this  paper  will  not  be  invalidated.— K.  R.  R. 
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Fig.  3.  Ozone  amount  in  18-27  km.  and  above  27  km.  for  different  total  amounts  at 

Mount  Abu. 


(3)  When  the  ozone  amount  is  abnormally  high  as  on  5-2-1952  and 
7-2-1952,  there  is  a  tendency  for  the  amount  above  27  km.  to  be  slightly 
smaller  than  usual. 

Fig.  3  is  a  dot  diagram  showing  the  ozone  amounts  in  18-27  km.  and 
above  27  km.  plotted  against  the  total  ozone  amount  on  individual  days.  The 
mean  data  relating  to  Delhi  and  Kodaikanal  are  also  plotted  in  the  same 
figure.  The  high  correlation  of  the  amount  in  18-27  km.  with  the  total 
amount  is  obvious.  This  suggests  that  air-movement  and  convergence 
associated  with  low  pressure  centres  of  western  depressions  sometimes 
extend  well  into  the  stratosphere. 

In  Table  II,  the  data  have  been  grouped  according  to  the  total  ozone 
amount,  and  the  corresponding  mean  distributions  are  given, 
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Table  II 

Mean  Height  Distributions  for  Different  Ozone  Amounts  {Grouped  Means ) 

at  Abuy  Delhi ,  Poona  and  Kodaikanal 


Station 

Ozone  Amount 
10-3  cm. 

0-9 

(Height  distribution  10~3 

9-18  18-27  27-36 

cm.) 

36-54  km. 

Abu 

153 

(4) 

0 

9 

60 

68 

15 

159 

(11) 

0 

9 

68 

68 

15 

172 

(8) 

0 

11 

76 

70 

18 

180 

(6) 

0 

10 

86 

60 

19 

195 

(4) 

0 

11 

106 

57 

18 

209 

(1) 

9 

14 

111 

64 

12 

Delhi 

•  • 

155 

(1) 

9 

15 

49 

69 

13 

175 

(3) 

9 

18 

63 

72 

13 

200 

(1) 

9 

23 

91 

73 

13 

217 

(1) 

9 

27 

94 

62 

15 

Poona 

•  * 

169 

(8) 

1 

13 

65 

65 

25 

Kodaikanal 

*  * 

175 

(4) 

0 

6 

53 

99 

17 

It  may  be  remarked  that  the  ozone  distributions  in  September,  October 
and  November  do  not  show  any  appreciable  difference  from  those  in  the 
months  December  to  April,  when  they  relate  to  the  same  ozone  amount. 


4.  Comparing  the  ozone  distributions  over  Mount  Abu  with  those 
over.  Delhi  and  Kodaikanal  (Table  III),  the  main  features  are  similar.  A 
small  amount  of  ozone  seems  to  get  down  to  the  lowest  layer  0-9  km.  at 
Delhi  during  winter.  While  the  amount  above  27  km.  is  practically  the 
same  as  at  Delhi  and  Abu,  it  is  nearly  independent  of  the  total  amount.  Over 
Kodaikanal  in  South  India  for  which  umkehr  curves  are  available  for  only 
5  days  in  March,6  a  larger  amount  of  ozone  is  situated  between  27  and 
36  km.  The  abnormally  high  figure  for  the  ozone  amount  above  36  km. 
for  Poona  is  not  understood. 

5.  The  highest  ozone  amount  for  which  we  have  height  distribution 
data  in  India  is  0-217  cm.  It  is  interesting  to  extend  the  range  by  consi¬ 
dering  the  data  of  Arosa  and  Troms f  and  see  how  they  compare.  For  this 
purpose,  it  is  convenient  to  estimate  the  amounts  of  ozone  over  these  places 
for  the  same  height  intervals  0-9  km.,  9-18  km.,  etc.  This  has  been  done 
from  the  data  given  in  the  following  two  papers. 

(i)  Ozone  height  distribution  data  for  Arosa.  By  Gotz,  Meethan 

and  Dobson7  (Method  B). 

(ii)  The  same  for  Tromsf  By  T^nsberg  and  Olsen8  (Method  A). 
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Knowing  the  uncertainties  associated  with  the  determination  of  the 
height  distribution  of  ozone  from  the  zenith  sky  measurements,  not  much 
accuracy  can  be  attached  to  the  figures  but  they  are  good  enough  for  a 


Fig.  4  b.  Height  Distribution  of  ozone  for  different  ozone  amounts, 
from  Abu  (24° -4  N.)  to  Troms  (69°-7N.) 


*  Ir,  Fig.  4  (a),  the  results  obtained  from  a  V„  rocket  ascent  have  been  added 
(F.  S.  Johnson,  et  al.,  Jour-  Geophys.  Res.,  1952,  57,  154), 
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general  survey  and  at  any  rate,  nothing  better  is  available.  The  data  have 
been  plotted  in  two  composite  diagrams  [Figs.  4  (a)*  and  4  ( b )]  with  total 
ozone  amounts  as  abscissae  and  the  amounts  above  the  levels  36  km.,  27  km., 
18  km.  and  9  km.  as  ordinates.  These  diagrams  enable  us  to  make  a  few 
general  statements: — 

(1)  The  ozone  amount  above  30  km.  or  thereabouts  remains  nearly  the 
same  irrespective  of  the  total  amount  of  ozone.9 

(2)  In  low  latitudes,  more  than  half  the  ozone  is  concentrated  between 
18  and  27  km.  This  amount  increases  with  increasing  ozone  amount,  and 
the  increase  continues  for  the  still  larger  amounts  that  occur  over  Arosa 
and  Troms </>,  tending  to  become  constant  for  the  highest  value  of  ozone. 

There  are  substantially  larger  amounts  of  ozone  over  N.  India  in  winter 
between  18  and  27  km.  than  over  Arosa  between  the  same  levels  for  the  same 
ozone  amount.  This  may  be  partly  due  to  the  fact  that  low  ozone  values 
over  Arosa  refer  to  summer  conditions  and  the  data  are  therefore  not  strictly 
comparable.  Fig.  4  ( b )  also  suggests  that  as  we  go  from  north  Indian  lati¬ 
tudes  to  the  latitude  of  Arosa,  part  of  the  ozone  in  the  layer  18-27  km. 
descends  to  lower  levels  and  is  distributed  in  a  greater  thickness  of  the 
atmosphere. 

(3)  Below  18  km.,  the  ozone  is  present  only  in  small  quantities  in  low 
latitudes  and  probably  has  a  maximum  in  the  cold  season.  It  increases  with 
latitude  from  Kodaikanal  (10°  N.)  to  Delhi  (28|°  N.). 

(4)  In  middle  and  high  latitudes,  there  are  substantial  amounts  of  ozone 
below  18  km.,  and  the  larger  the  total  amount,  the  larger  is  the  proportion 
in  the  lowest  levels  below  9  km.  For  the  largest  ozone  amounts,  that  occur  in 
high  latitudes  (0-350  cm.),  nearly  half  the  quantity  may  be  below  20  km. 

Discussion 

6.  One  of  the  most  remarkable  features  of  the  distribution  of  ozone 
which  came  out  from  the  world  survey  organised  by  Dobson  was  the  general 
increase  of  ozone  from  the  Equator  towards  high  latitudes  and  its  strong 
annual  variation  in  middle  and  high  latitudes  with  maximum  in  spring  and 
minimum  in  autumn.  Ozone  is  a  product  of  the  photo-chemical  action  of 
ultra-violet  solar  radiation  on  the  oxygen  of  the  upper  atmosphere,  and  if 
the  atmosphere  were  stagnant,  the  rate  of  formation  of  ozone  by  light  of 
wavelengths  shorter  than  2420  A0  would  balance  the  rate  of  its  destruction 
by  light  of  wavelengths  <  11400A0  and  an  equilibrium  amount  with  an 
appropriate  vertical  distribution  would  be  established  depending  on  the 
latitude  and  the  season.  The  height  of  maximum  ozone  amount  will  rise 
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with  increasing  zenith  distances  of  the  sun.  Such  a  photo-chemical  theory 
first  suggested  by  Chapman  and  worked  out  in  greater  detail  by  Wulf  and 
Deming  and  others,  explains  generally  the  observed  vertical  distribution  in 
the  tropics,  but  does  not  explain  either  the  actual  ozone  amounts  or  the 
dependence  on  latitude  and  season. 

K.  Langlo  in  his  recent  memoir9  “On  the  Amount  of  Atmospheric  Ozone 
and  its  Relation  to  Meteorological  Conditions”  has  given  a  comprehensive 
survey  of  the  variations  of  ozone  in  the  atmosphere.  We  can  supplement  it 
by  the  following  remarks: 

(1)  Fig.  4  ( b )  shows  that  approximately  0-100  cm.  of  ozone  is  contained 
in  the  atmosphere  above  27  km.  in  all  places  where  there  is  sunshine.  Within 
the  Arctic  Circle  during  the  polar  night,  this  amount  seems  to  disappear. 
Langlo  has  compared  the  five-day  mean  ozone  values  at  Dombas  (62°  N.) 
and  Troms <f>  (70°  N.)  in  the  period  December  1945  to  January  1946. 
Troms<£  values  are  lower  by  about  this  amount,  providing  evidence  for  the 
view  that  the  ozone  above  27  km.  or  thereabouts  is  in  photo-chemical 
equilibrium  with  sunshine  and  if  the  sunshine  is  removed  for  a  few  days, 
the  ozone  above  this  height  disappears.  It  is  interesting  to  note  that  if  this 
view  is  accepted,  the  annual  ozone  variations  at  Tromsci  will  fall  into  line 
with  those  at  Oslo  and  Arosa  and  not  show  any  anomaly.  The  ozone 
observations  now  being  taken  at  Spitzbergen  under  International  auspices 
will  show  whether  this  view  is  correct  or  not. 

(2)  Most  of  the  ozone  which  is  situated  below  27  km.  is  accumulated 
ozone  and  is  in  the  stratosphere.  Where  the  tropopause  is  permanently  high 
as  in  the  tropics  (16-17  km.),  the  amount  is  permanently  low.  The  high 
negative  correlation  between  the  height  of  the  tropopause  and  the  ozone 
amount  in  temperate  and  polar  latitudes,  which  seems  to  apply  even  to  the 
region  of  tropopause  funnels  elucidated  by  Palmen,10  shows  that  in  general 
the  lower  the  tropopause  and  the  greater  the  accommodation  available  in  the 
stratosphere,  the  larger  is  the  ozone  amount.  The  stratosphere  below  27  km. 
seems  to  be  a  safe  place  for  ozone.  The  extreme  dryness  of  the  stratosphere 
may  have  something  to  do  with  this.11 

(3)  The  almost  complete  absence  of  ozone  in  the  tropical  troposphere 
is  a  fact  of  great  significance.  It  would  appear  that  water  vapour  and  other 
material,  oxidisable  or  catalytic,  which  are  carried  up  into  the  upper  atmo¬ 
sphere  from  the  lower  layers  by  convective  currents  are  responsible  for 
destroying  the  ozone  in  the  upper  layers  ot  the  tropical  troposphere.  The 
destructive  action  may  be  aided  by  light  filtered  through  ozone.  This  view 
is  supported  by  the  rapid  disappearance  of  the  occasional  incursions  of 
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ozone  to  the  sub-tropical  troposphere  and  the  steady  decline  in  ozone 
amount  in  late  spring  and  summer  in  the  atmospheres  of  middle  and  high 
latitudes. 

(4)  Over  “  cold  sinks  ”,  on  earth  such  as  the  polar  regions  and  large 
continental  areas  in  winter  where  the  tropopause  is  already  low,  some  of 
the  stratospheric  air  can  sink  into  the  troposphere  and  ride  over  inversions, 
retaining  its  ozone  content  for  fairly  long  periods.  Ehmert’s  observations 
made  on  aircraft  bring  this  out  clearly.3  “  The  ozone  will  quickly  disappear 
when  it  gets  into  regions  of  convective  activity. 

(5)  Langlo  has  noted  that  on  the  mean  of  the  year,  the  ozone  amount  is 
nearly  constant  from  Troms<£  to  Arosa  with  a  mean  value  of  about  0*235  cm. 
and  that  it  drops  steeply  to  0*190  cm.  at  25°  N.  This  rapid  change  runs 
parallel  to  the  change  in  the  average  height  of  the  tropopause.  It  is  only  in 
the  season  of  western  disturbances  in  N.  India  when  composite  tropopauses 
are  frequent  that  marked  day-to-day  fluctuations  in  ozone  occur. 

(6)  The  average  tropopause  has  a  height  varying  from  17  km.  to  9  km. 
with  a  rather  steep  drop  or  break  between  16  and  12  km.  and  yet  other 
breaks  near  polar  fronts.  Although  the  air  between  9  and  16  km.  is  highly 
stratified,  it  is  subject  to  large-scale  movements,  both  vertical  and  horizontal, 
particularly  between  20°  N.  and  60°  N.  associated  with  extra-tropical  weather. 

A  mechanism  is  thus  available  for  a  large-scale  but  slow  stirring  up  of 
the  air  between  8  and  25  km.  bringing  down  the  ozone  from  higher  levels 
and  destroying  it  in  the  lower  levels  by  mixing  it  with  water-vapour  and  dust 
(perhaps  also  methane)  contained  in  the  tropospheric  air  of  lower  latitudes. 

The  problem  of  atmospheric  ozone  and  its  variations  thus  becomes  a 
problem  of  the  large-scale  turbulence  and  circulation  of  the  upper  tropo¬ 
sphere  and  lower  stratosphere. 

Summary 

The  paper  contains  a  summary  of  the  results  of  the  height  distribution  of 
ozone  in  the  atmosphere  obtained  at  Mount.  Abu  with  a  Dobson  Spectro¬ 
photometer  during  the  period  October  1951  i;o  April  1952,  when  western 
disturbances  affect  North  Indian  weather.  The  observations  show  that  there 
is  very  little  ozone  in  the  atmosphere  below  18  km.,  that  the  ozone  amount 
above  27  km.  show  very  little  systematic  change  with  total  amount,  and 
that  most  of  the  changes  take  place  in  the  layer  18  to  27  km.  These 
results  are  compared  with  those  obtained  at  Delhi,  Kodaikanal,  New  Mexico 
(with  V2  rockets),  Arosa  (in  Switzerland)  and  Troms <f>  (Norway).  In  middle 
and  high  latitudes,  there  are  substantial  amounts  of  ozone  below  18  km.. 
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and  the  larger  the  total  amount,  the  larger  is  the  proportion  in  the  lower 
levels.  For  high  ozone  amounts  in  high  latitudes,  nearly  half  the  total 
amount  may  be  below  20  km. 

These  results  are  discussed  in  relation  to  the  variations  of  ozone  with 
latitude  and  season,  connecting  them  with  the  photo-chemical  formation  of 
ozone  in  the  atmosphere  above  27  km.,  the  existence  of  a  shelter-region  for 
ozone  between  27  km.  and  the  tropopause  and  the  destruction  of  ozone  by 
mixing  it  with  water-vapour  and  oxidisable  matter  carried  up  in  the  tropo¬ 
sphere  by  convective  activity. 


It  is  concluded  that  the  problem  of  variations  of  atmospheric  ozone  is 
one  of  large-scale  turbulence  and  circulation  in  the  upper  troposphere  and 
lower  stratosphere. 
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Table  l.  Summary  of  Ozone  Values  During  Day  and  During  Night. 
x  is  the  amount  of  ozone  in  cm.  at  S.T.P.  No  correction  has  been  made 


for  atmospheric  haze 


Date 

Day  value  of  x 

In  cm. 

Night  value  of  x 
in  cm. 

Difference 

29-11-52 

0-138 

0163 

0-025 

30-11-52 

0-137 

0  162 

0-025 

1-12-52 

0-136 

0-160 

0-024 

2-12-52 

0-135 

0-157 

0-022 

22-12-52 

0-141 

0-171 

0-030 

23-12-52 

0-139 

0-172 

0-033 

24-12-52 

0-147 

0-174 

0-027 

26-12-52 

0-146 

0-188 

0-042 

27-12-52 

0-147 

0-191 

0-044 

28-12-52 

0-151 

0-170 

0-019 

29-12-52 

0-148 

0-184 

0  036 

30-12-52 

0-147 

0-177 

0-030 

1-  1-53 

0-141 

0-173 

0-032 

2-  1-53 

0-140 

0-176 

0-036 

23-  3-53 

0-164 

0-207 

0-033 

27-  3-53 

0-166 

0-196 

0-030 

3-  4-53 

0-179 

0-205 

0-026 

Daily  Variation  of  Amount  of  Ozone  in 
the  Atmosphere 

The  improved  form  of  Dobson’s  spectrophotometer 
using  an  RCA  1P28  photo-multiplier  tube  enables 
measurements  of  atmospheric  ozone  to  be  made 
with  the  light  from  the  moon.  Dobson’s  own  measure¬ 
ments1  made  at  Oxford  during  November-December, 
1948,  showed  variations  of  ozone  on  some  nights,  and 
he  concluded  that  they  could  be  attributed  to  changes 
in  meteorological  conditions.  As  the  day-to-day 
variations  of  amount  of  ozone  in  middle  latitudes  are 
large,  it  would  be  difficult  to  find  without  prolonged 
observation  whether  there  is  any  systematic  difference 
between  the  ozone  amounts  during  day-  and  night- 
hours.  In  low  latitudes,  however,  both  the  total 
amount  as  well  as  the  day-to-day  variations  are  small 
during  a  large  part  of  the  year,  and  if  a  regular  daily 
variation  exists  as  might  be  expected  from  the  photo¬ 
chemical  theory  of  atmo¬ 
spheric  ozone,  it  could  be  d&- 
termined  from  a  short  series  of 
observations.  Accordingly, 
observations  were  made  at 
Mount  Abu  and  Ahmedabad 
in  the  period  November  1952- 
April  1953,  and  these  show 
clearly  that  there  is  a  sub¬ 
stantial  increase  of  ozone  dur¬ 
ing  night-hours,  as  compared 
to  day-hours. 

Fig.  1  shows  the  values  of 
log  (//I')  against  p,  the  thick¬ 
ness  of  ozone  traversed  by 
the  incident  light  at  different 
zenith-distances  of  the  sun  or 
moon,  where  I  is  the  intensity 
of  a  small  ozone-absorbed 
spectral  region  near  X  3112 
and  I'  the  corresponding  in¬ 
tensity  near  X  3323  in  a  less- 
absorbed  region  of  the  spec¬ 
trum,  on  four  days  and 
succeeding  moonlit  nights.  It 
will  be  seen  that  on  each  day 
the  mean  straight  line  con- 

I 
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necting  the  night  observations  has  a  steeper  slope 
than  the  line  connecting  the  day  observations, 
indicating  a  larger  quantity  of  ozone  in  night. 

Table  1  gives  the  mean  day-  and  night-values  of 
ozone  (both  uncorrected  for  haze)  on  seventeen  days 
and  nights.  In  every  instance,  the  night  values  are 
larger  than  the  day  values.  The  average  excess 
during  night  is  0-030  cm.  and  the  extreme  differences 
are  0  019  cm.  and  0-044  cm. 


Table  2.  observations  with  A3  3112  and  3175 


Date 

Day-time  x 

Night-time  x 

With 71  3112  With  A  3175 

30-11-52 

0-137 

0-168 

0-174 

1-12-52 

0-137 

0-165 

0-168 

1-12-52 

0-136 

0-151 

0-149 

2-12-52 

0-135 

0-168 

0-162 

27-  3-53 

0-166 

0-196 

0-197 

3-  4-53 

0-179 

0-205 

0-203 

Observations  made  at  Ahmedabad  on  the  same 
night  with  X  3112/3323  and  X  3175/3399  show 
agreeing  results.  Table  2  gives  the  comparative 
values  of  ozone  obtained  with  the  two  pairs  of 
wave-lengths. 

Fig.  2  shows  the  values  of  ozone  calculated  from 
the  individual  observations  of  sunlight  and  moon- 


Eic  1  Value*  of  log  +  C  plotted  against  atmospheric  ozone  path  with  sunlight  and 

'  moonlight 
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light  on  a  number  of  days.  The  increase  of  ozone 
from  the  day  value  to  the  night  value  takes  place 
within  an  hour  after  sunset.  The  charge  from  night 
to  day  value  after  sunrise  is  also  rapid.  These  indicate 
that  the  seat  of  the  observed  changes  is  high  up  iri 
the  atmosphere,  where  the  recombination  of  oxygen 
atoms  and  molecules  to  form  ozone  after  sunset  and 
the  photolysis  of  ozone  at  sunrise  are  very  rapid.  It 
may  be  expected  that  these  daily  variations  of  ozone 
extend  to  higher  latitudes. 

Estimates  have  been  made  by  H.  U.  Dritsch2,  R. 
A.  Craig3,  D.  R.  Bates  and  M.  Nicolet4  and  Johnson, 
Purcell,  Tousey  and  Watanabe5,  of  the  number  of 
oxygen  atoms  at  different  levels  in  the  atmosphere 
from  30  km.  to  90  km.  during  day-time.  From  the 
values  calculated  by  F.  S.  Johnson  and  collaborators 
using  the  rocket-data  of  intensity  distribution  in 
solar  radiation  in  the  ultra-violet,  the  equilibrium 
amount  of  daytime  atomic  oxygen  in  the  atmosphere 
can  be  shown  to  be  approximately  0  020  cm.  between 
90  and  70  km.,  and  0  010  cm.  between  70  km.  and 
40  km.,  with  the  amount  decreasing  rapidly  at  lower 
heights. 

This  suggests  that  the  night-time  increase  of  czone 
is  due  to  the  recombination  of  ‘odd  oxygen  atoms’ 
with  oxygen  molecules  above  the  region  of  maximum 
ozone  concentration  and  below  the  main  region  of 
Runge- Schumann  oxygen  absorption. 

It  may  be  noted  in  passing  that  extraordinarily 
low  values  of  ozone  were  recorded  at  Mount  Abu  on 
many  days  in  November  and  December  1952. 


Our  thanks  are  due  to  Mr.  R.  N.  Kulkaini  for 
taking  some  of  the  observations,  and  to  the  Indian 
Council  of  Scientific  and  Industrial  Research  for 
financial  assistance  to  carry  out  research  work  on 
atmospheric  ozone. 

A  fuller  discussion  will  appear  elsewhere. 

K.  R.  Ramanathan 
Bh.  V.  Ramana  Murtry 
Physical  Research  Laboratory, 

Ahmedabad  9,  India. 

May  27. 

1  Dobson,  G.  M.  B.,  Quart.  J.  Roy.  Meteor.  Soc.,  77,  488  (1951). 
•Diitsch,  H.  U.,  doctorate  thesis  (Zurich,  1946). 

•  Craig,  R.  A.,  Met.  Monogr.,  Amer.  Meteor.  Soc.,  1,  No.  2  (1950). 

4  Bates,  D.  It.,  and  Nicolet,  M.,  J.  Geophys.  Res.,  55,  301  (1950). 

5  Johnson.  F.  S.,  Purcell,  J.  D.,  Tousey,  R.,  and  Watanabe,  K.,  J. 

Geophyt.  Ret.,  57,  157  (1952). 


Fig.  2.  Values  of  atmospheric  ozone  measured  at  Mt.  Ab  iiblsunUghi  and  moonlight 
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ATMOSPHERIC  OZONE  AND  THE  GENERAL 
CIRCULATION  OF  THE  ATMOSPHERE 

K.  R.  Ramanathan  (India) 


INTRODUCTION 

I  wish  to  express  my  cordial  thanks  for  the  honour  you  have  done  me  by 
inviting  me  to  be  the  President  of  the  Association  of  Meteorology  for  the 
three-year  period  culminating  in  this  meeting  in  the  great  city  of  Rome.  I 
consider  that  this  is  symbolic  of  the  significance  you  attach  to  the  Meteorology 
of  the  Tropics  in  the  general  Meteorology  of  the  globe. 

At  the  Lisbon  meeting  of  the  Assembly  in  1933,  one  of  the  themes  for 
discussion  in  the  Association  of  Meteorology  was  ‘  Geophysical  Knowledge  of 
the  Stratosphere1’ — Dr.  F.  J.  W.  Whipple  opened  a  discussion  on  the 
determination  of  the  temperature  of  the  upper  atmosphere  by  the  study  of  air¬ 
waves.  Prof.  Charles  Fabry  the  great  Master  of  Optics  and  the  founder, 
with  Buisson,  of  the  modern  study  of  atmospheric  ozone  presented  a  report 
on  the  progress  of  studies  in  that  subject.  He  spoke  of  the  absorption  spectrum 
of  ozone  and  the  laboratory  determinations  of  the  coefficients  of  absorption, 
done  mainly  by  himself  and  his  co-workers  in  France,  fundamental  studies 
which  have  been  the  mainstay  of  most  of  the  later  experimental  work  on 
atmospheric  ozone.  He  spoke  of  the  different  sources  which  had  been  utilized 
for  studying  atmospheric  ozone,  direct  light  from  the  sun,  diffused  sunlight  from 
the  sky  or  the  moon  and  the  light  from  the  stars.  He  welcomed  the  success¬ 
ful  employment  by  Dobson  of  the  photoelectric  cell  in  place  of  the  photo¬ 
graphic  plate  for  the  study  of  these  spectra.  Prof.  Fabry  briefly  discussed 
the  important  problem  of  the  distribution  of  ozone  in  the  vertical  and  of  the 
great  advantage  of  the  use  of  ligh  t  from  the  zenith  sky  for  this  purpose.  He 
also  referred  to  the  development  of  chemical  and  optical  methods  for  the 
measurement  of  ozone  in  the  layers  near  the  ground. 

At  the  same  meeting,  Dobson  and  Gotz*  reported  the  progress  that  had 
been  made  on  the  study  of  the.  height-determination  of  ozone  from  the 
umkehr  effect,  an  effect  that  had  been  discovered  by  Gotz  during  his  observa¬ 
tions  in  Spitzbergen.  Using  light  from  the  clear  zenith  sky  and  comparing 
the  intensities  of  light  of  two  wavelengths  in  the  Huggins  band,  Gotz  found 
that,  as  the  sun  went  down,  the  shorter  wavelength  was  relatively  less  and  less 
absorbed  than  the  longer  wavelength.  A  study  of  this  effect  led  to  the 
conclusion  that  the  height  of  the  centre  of  gravity  of  ozone  in  the  atmosphere 
was  in  the  neighbourhood  of  20  km  instead  of  35-50  km  as  had  been  thought 
before  and  that  there  was  some  ozone  present  in  lower  layers  also. 

This  immediately  made  it  easier  to  understand  the  connection  that  had 

*  Ozone  studies  have  suffered  a  great  loss  by  the  recent  death  of  Prof.  F.  VV.  P. 
Gotz.  His  contributions  to  the  study  of  atmospheric  ozone  have  been  of  outstanding 
importance. 
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been  observed  between  ozone  changes  and  weather  and  brought  ozone 
within  the  realm  of  interest  of  the  synoptic  meteorologist. 

Since  the  Lisbon  meeting,  the  subject  has  advanced  in  many  directions. 
Shortly  after  the  discovery  of  the  Gotz  effect,  Drs.  E.  and  V.  H.  Regener2 
sent  up  spectrographs  in  sounding  balloons  and  determined  the  amount  of 
ozone  lying  above  different  levels  in  the  atmosphere  and  confirmed  the  sub¬ 
stantial  correctness  of  the  findings  of  Gotz,  Meetham  and  Dobson.3  Our 
American  colleagues  have  used  rockets  and  recorded  the  solar  spectrum  up 
to  70  km,  above  which  there  is  very  little  ozone  left.  Physical  chemists  and 
mathematicians  have  steadily  improved  Chapman’s  theory  of  the  photo¬ 
chemical  equilibrium  of  atmospheric  ozone  and  given  us  more  precise 
information  regarding  the  equilibrium  distribution  of  ozone  which  may  be 
expected  to  exist  if  atmospheric  ozone  were  formed  and  destroyed  by  the 
action  of  sunlight  on  our  atmosphere. 

Improvements  in  the  technique  of  the  chemical  method  of  measuring 
ozone  effected  by  Dr.  V.  H.  Regener  and  Dr.  Ehmert4  have  made  easier  the 
study  of  ozone  changes  at  ground  level  and  at  heights  accessible  to  aeroplanes 
and  opened  up  a  new  way  of  studying  the  transport  processes  from  the 
stratosphere  downward. 

In  the  meantime,  the  studies  of  our  colleagues  in  the  field  of  dynamical 
meteorology  and  synoptic  aerology  have  improved  our  general  understanding 
of  atmospheric  processes  and  given  an  insight  into  the  mechanism  of  the 
day-to-day  changes  in  ozone  observed  in  extra-tropical  latitudes. 

The  International  Ozone  Commission  of  our  Association  with  Prof. 
Dobson  as  Chairman  and  Sir  Charles  Normand  as  Secretary  has  kept  up 
vigorous  activity  in  the  study  of  ‘Ozone  and  Weather’  by  organizing  a 
network  of  ozone  measuring  stations  in  Europe,  distributing  calibrated 
spectrophotometers  to  interested  workers  in  different  countries  and  by  hold¬ 
ing  periodical  conferences,  both  in  the  Association  of  Meteorology  and  else¬ 
where,  to  discuss  new  results. 

BRIEF  SUMMARY  OF  FACTS  RELATING  TO  ATMOSPHERIC  OZONE 

vs  a  result  of  many  years  of  work,  we  know  the  following  facts  about  atmos¬ 
pheric  ozone. 

Ozone  is  present  in  the  earth’s  atmosphere  over  all  places,  but  its  distribu¬ 
tion  is  not  uniform.  At  the  same  place,  the  total  amount  is  variable  from 
day  to  day,  season  to  season  and  even  year  to  year.  The  broad  features  of 
the  height  distribution  of  ozone  at  a  few  places  are  known;  it  is  present  in 
measurable  quantities  up  to  70  km  and  more,  and  variations  in  distribution 
are  common.  In  spite  of  these  variabilities,  a  considerable  portion  of  atmo¬ 
spheric  ozone  behaves  over  short  periods  as  if  it  were  conservative  and  it  is 
possible  to  associate  certain  types  of  ozone  changes  with  specifiable  features 
of  moving  disturbances. 

The  usual  way  of  expressing  the  total  ozone  amount  present  over  a  place 
is  as  x  cm  of  ozone  at  standard  temperature  and  pressure.  The  amount 
varies  from  0-15  cm  to  0-45  cm.  In  tropical  latitudes,  the  average  amount 
is  about  0-180  cm  and  the  day-to-day  variations  are  generally  small.  At 
higher  latitudes  in  the  region  of  the  westerlies,  the  average  amount  is  larger 
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and  also  the  day-to-day  and  seasonal  variations.  The  seasonal  changes  at 
a  few  selected  places  are  shown  in  Fig.  1.  It  includes  the  data  of  Tromso 
(70°  N),  Dombas  or  Oslo  (61°  N),  Arosa  (47°  N),  Azores  (37°  N),  Zi-ka-wei 
(31°  N),  Delhi  (28i°N),  Abu  (24°  N)  and  Kodaikanal  (10°  N).  The 
monthly  mean  values  of  the  first  three  stations  and  of  Zi-ka-wei  are  based  on 


9  to  10  years  of  observations  (taken  from  Langlo5)  while  the  other  stations 
have  much  shorter  periods  of  observation.  That  the  maximum  ozone 
amount  occurs  in  the  spring  months  March-April  and  the  minimum  in 
October-November  has  remained  a  curious  and  interesting  fact  ever  since 
its  discovery  by  Dobson  and  his  co*workers  in  1926-29.  Another  fact  is 
now  clear;  namely,  that  the  ozone  amounts  at  stations  south  of  30°  N  stand 
in  a  class  apart.  It  is  interesting  to  note  that  the  maximum  at  Kodaikanal, 
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feeble  though  it  is,  occurs  in  June-July  and  that  at  Abu  is  shifted  to  May- 
June.  In  the  southern  hemisphere,  the  maxima  and  minima  occur  in  the 
respective  spring  and  autumn  seasons.  We  shall  return  to  this  question  of 
zonal  distribution  and  its  seasonal  changes  later. 

THE  HEIGHT-DISTRIBUTION  OF  OZONE 

In  general,  the  ozone  amount  increases  with  height,  reaching  a  maximum  at 
some  level  between  20  and  30  km  and  decreases  thereafter  with  further 
increase  in  height.  The  ozone  concentration  at  the  level  of  its  maximum 
varies  from  0-008  to  0-020  cm/km.  There  is  detectable  ozone  even  at  a 
height  of  70  km.  In  tropical  and  subtropical  latitudes  there  is  only  a  small 
amount  of  ozone  in  the  troposphere.  With  increasing  ozone  more  and  more 
of  it  is  present  at  levels  below  25  km. 

The  methods  of  determining  the  height-distribution  of  ozone  are  based  on: 

1.  The  Gotz  effect  in  zenith-scattered  light; 

2.  Direct  sun  spectra  taken  at  different  levels  in  the  atmosphere  with 
spectrographs  carried  in  balloons  or  rockets ; 

3.  Spectrophotometry  of  the  light  of  the  eclipsed  moon  in  the  Chappuis 
band  region; 

4.  Chemical  determination  from  aeroplanes  of  ozone  content  at  different 
levels. 

Each  method  has  its  advantages  and  disadvantages.  For  obtaining  informa¬ 
tion  about  ozone  at  great  heights,  the  rocket-carried  spectrograph  has  unique 
advantages.  Bu,t  it  is  expensive  and  difficult  and  cannot  be  adopted  for 
daily  use  at  a  number  of  places.  Regener’s  balloon-carried  spectrograph 
or  the  simpler  modification  of  it  with  photoelectric  cell  and  filters  as  used  by 
Coblenz  and  Stair  and  telemetering  similar  to  that  used  by  Stranz  will 
probably  find  more  extensive  use  in  the  future.  The  Weissenau  group  under 
Prof.  E.  Regener  are  specializing  in  this  field.  For  a  general  over-all  survey, 
the  Gotz  umkehr  method  has  proved  extremely  effective,  and  for  following 
day-to-day  changes  of  ozone,  it  will  be  hard  to  replace.  Walton6  has 
worked  out  a  method  for  making  an  approximate  correction  for  secondary 
scattering.  A  defect  of  the  umkehr  method  is  that  it  does  not  give  a  sharp 
enough  answer  about  the  distribution  of  ozone  in  the  lower  levels.  One  can 
get  an  average  value  over  a  large  depth,  but  if  an  attempt  is  made  to  sub¬ 
divide  the  layers,  many  differing  solutions  can  be  obtained.  Dr.  Ehmert, 
and  recently  Dr.  Kay7  have  used  the  chemical  method  for  measuring  ozone 
from  aeroplanes  up  to  a  height  of  12  km  and  information  collected  by  this 
method  can  be  very  helpful  to  improve  the  height-distributions  computed 
from  the  Gotz  effect.  Dr.  Chalonge  and  Dr.  Vigroux  in  France  and  Dr. 
Paetzold8  in  Germany  have  made  studies  of  the  spectrum  of  the  light  of 
the  eclipsed  moon  across  the  shadow  frontier  and  since  that  light  has  passed 
through  the  earth’s  atmosphere  in  a  nearly  horizontal  direction,  it  shows 
pronounced  absorption  in  the  Chappuis  bands.  They  find  that  the  ozone 
distributions  obtained  by  this  method  agree  reasonably  well  with  those 
obtained  by  other  methods.  This  method  promises  to  give  information  about 
the  differing  distributions  of  ozone  in  different  latitudes  on  the  same  day. 
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A  summary  of  the  mean  height  distributions  obtained  by  the  umkehr 
method  at  Tromso,  Arosa,  Delhi  and  Poona  for  different  ozone  amounts  is 
given  in  Fig.  2.  A  few  selected  distribution  curves  obtained  by  Dr.  Regener 


Figure  2.  Height  distributions  of  atmospheric  ozone  in  different  latitudes 


and  his  associates9  by  the  sounding  balloon  and  aeroplane  methods  are  given 
in  Fig.  3.  F.  S.  Johnson,  J.  D.  Purcell  and  R.  Tousey10  have  compared  a 
distribution  curve  obtained  at  New  Mexico  by  a  rocket  spectrograph  with  a 
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Figure  3.  Distribution  of  ozone  in  the  vertical  from  aeroplane  and  balloon  ascents 


curve  obtained  from  umkehr  observations  on  the  same  day.  While  the 
rocket  spectrum  gives  the  same  total  ozone  amount,  the  maximum  shown  by 
it  is  more  concentrated  than  the  flat  maximum  given  by  the  umkehr  method. 

ozone  and  weather 

Fabry11  and  Buisson  in  their  first  series  of  measurements  at  Marseilles 
noted  that  there  were  large  variations  of  ozone  amount  between  one  day 
and  another,  but  it  is  to  Dobson  and  his  collaborators12  that  we  owe  the 
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opening  out  of  this  fruitful  subject.  The  changes  associated  with  weather 
are  not  only  in  the  total  ozone  amount  but  are  also  in  its  vertical  distribu¬ 
tion.  We  have  a  large  body  of  data  relating  to  the  former,  but  factual 
information  regarding  day-to-day  changes  in  vertical  distribution  is  still 
very  scanty. 

It  has  been  established  that  in  middle  and  high  latitudes: 

1.  Low  ozone  is  associated  with  high  pressures  and  high  ozone  with  low 
pressures; 

2.  The  approach  of  a  warm  front  causes  a  fall  in  ozone  even  before  any 
frontal  clouds  are  seen.  The  surface  front  may  then  be  more  than  iOOO 
km  away; 

3.  The  lowest  ozone  amount  is  observed  generally  before  the  passage  of 
the  surface  warm  front.  The  ozone  amount  remains  low  in  the  warm 
sector  of  a  cyclone ; 

4.  With  the  passage  of  the  cold  front,  the  ozone  amount  rises  and  the  highest 
values  are  found  in  the  rear  of  the  cyclone  at  a  distance  of  100  to  300  km; 

5.  Occlusion  of  warm  air  in  upper  warm  air  tongues  causes  a  fall  in  ozone 
and  occluded  slow-moving  cold  air  type  cyclones  cause  a  comparatively 
large  rise  in  ozone; 

6.  Ozone  changes  associated  with  highs  and  lows  are  most  marked  in 
winter  and  spring  and  least  marked  from  June  to  October. 

From  a  study  of  the  upper  air  data  obtained  at  Kew  or  Sealand  together 
with  the  ozone  measurements  at  Oxford,  Meetham13  was  able  to  show  that 
there  was  high  positive  correlation  between  ozone  amount  and  potential 
temperature  at  18  km  and  negative  correlation  with  densities  of  air  at  12  to 
18  km  and  with  heights  of  tropopause. 

The  studies  of  trajectories  of  air  at  high  levels  with  ozone  amounts  measured 
at  Arosa,  Potsdam  and  other  stations  by  Moser14  and  Penndorf15  have 
established  that,  in  Europe,  the  advection  of  air  from  polar  regions  particu¬ 
larly  at  heights  of  1 1  to  16  km  is  associated  with  high  ozone  values  in  winter 
and  spring  and  that  advection  from  subtropical  and  mid-Atlantic  regions  goes 
with  falls  in  ozone  amount.  Moser  emphasizes  the  importance  of  large-scale 
air  movements  near  the  tropopause  level  in  determining  the  ozone  changes. 
During  the  last  three  years,  Sir  Charles  Normand16  has  produced  convin¬ 
cing  diagrams  showing  the  close  association  of  low  ozone  at  Oxford  with 
passages  of  ridges  in  tropopause  level  and  high  ozone  with  troughs  (slide). 
The  500-300  mb  thickness  goes  in  unison  with  height  of  tropopause,  thus 
associating  cold  upper  troposphere  with  low  tropopause  and  high  ozone. 
Normand  has  shown  that  the  whole  cycle  of  changes  from  high  ozone  to  high 
ozone  through  an  interval  of  low  ozone  has  a  quasi-period  of  6  to  1 4  days.  In 
lower  latitudes  the  day-to-day  changes  of  ozone  are  much  smaller  and  it  is 
therefore  more  difficult  to  analyse  the  effect  due  to  weather  disturbances. 
Observations  at  Delhi  made  by  Karandikar  in  1945-47  and  recently  by 
Murthy,  Kulkarni,  Sanyal  and  Degaonkar  at  different  places  in  India 
show  however  that  there  are  significant  variations  of  ozone  in  December  to 
April,  the  period  when  western  disturbances  are  active.  The  ozone  changes 
at  Abu  and  Delhi  during  the  winter  and  spring  of  1953  and  1954  have  been 
recently  studied  with  the  upper  wind  charts  of  the  India  Meteorological 
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Department.  The  general  conclusions  are: 

The  ozone  increases  come  in  a  series  of  surges  commencing  in  November 
or  December.  Some  pronounced  surges  at  Delhi,  Abu  and  Ahmedabad  are 
associated  with  the  passage  of  deep  troughs  of  low  pressure  at  6  and  9  km. 
The  rise  of  ozone  takes  place  when  the  north-westerly  winds  are  replacing 
the  south-westerlies,  but  once  the  north-westerlies  get  settled,  the  ozone 
amount  begins  to  fall.  Quite  often,  the  ozone  variations  at  Delhi  and  Abu 


Figure  5.  Daily  ozone  values  at  New  Delhi,  Mount  Abu  and  Ahmedabad  or  Veraval 
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run  parallel  to  each  other,  but  the  amplitude  at  Abu  is  invariably  smaller 
than  that  at  Delhi.  At  Ahmedabad  or  Veraval,  the  amplitude  is  still  smaller. 

The  observations  in  north-west  India  have  made  it  clear  that  the  middle 
latitude  variations  of  ozone  associated  with  waves  in  the  upper  atmosphere 
are  observable  at  latitudes  down  to  20°  N  in  winter  and  spring,  though  less 
frequently  and  in  a  less  pronounced  manner. 

Fig.  4  shows  the  simultaneous  half-monthly  mean  values  of  ozone  at 
Delhi,  Abu  and  Ahmedabad  or  Veraval.  There  is  a  conspicuous  increase  in 
ozone  at  Delhi  in  winter  and  spring.  One  recalls  the  quick  change  from  a 
higher  to  a  lower  tropopause  over  Habbaniya17  which  occurs  towards  the 
end  of  October.  From  April  to  October,  the  ozone  amounts  at  the  three 
places  do  not  differ  materially  from  each  other. 

Fig.  5  shows  the  simultaneous  daily  values  of  ozone  at  the  three  places 
during  the  period  September  1953  to  July  1954.  The  sudden  increase  of 
ozone  at  Delhi  on  November  10,  1953  and  the  large  differences  between  the 
values  at  Delhi  and  Abu  in  January  to  March  may  be  noted.  There  is 
another  feebler  increase  in  the  spatial  variation  of  ozone  early  in  June  when 
the  upper  easterly  jet  begins  to  be  active.  It  is  worthy  of  note  that  there  are 
periods  during  the  monsoon  when  the  ozone  amount  at  Abu  exceeds  both 
the  amount  at  Delhi  and  that  at  Veraval. 


CHANGES  IN  HEIGHT-DISTRIBUTION  OF  OZONE  DURING  WEATHER  CHANGES 

We  have  still  too  little  direct  data  regarding  the  changes  in  the  vertical 
distribution  of  ozone  corresponding  to  the  day-to-day  variations  of  total 
ozone.  But  knowing  the  manner  in  which  (1)  these  variations  depend  on 
the  position  of  a  station  with  respect  to  moving  disturbances  and  (2)  the 
vertical  distribution  corresponding  to  different  ozone  amounts  at  each  station, 
we  can  build  up  synthetically  a  rough  picture  of  the  vertical  distributions  in 
the  field  of  the  disturbances.  The  basis  for  such  a  picture  is  provided  by  the 
composite  diagrams  of  height  distribution  such  as  are  given  in  Fig.  2.  With 
increasing  amounts  of  ozone,  we  may  expect  to  find  more  and  more  ozone  at 
levels  below  the  level  of  maximum  concentration.  With  large  amounts  of 
ozone  like  0-340  or  0-400  cm  at  a  place  like  Tromso,  the  lower  unit  of  high 
ozone  concentration  seems  to  come  down  to  8-10  km,  while  at  a  place  like 
Delhi  where  the  ozone  amount  rarely  goes  above  0-220  cm,  only  small 
quantities  come  down  into  the  troposphere.  As  a  companion  to  Gotz’s 
diagram  of  seasonal  and  latitudinal  distribution  of  ozone,  I  have  shown  in 
Fig.  6,  a  diagram  of  the  vertical  distribution  of  ozone  corresponding  to 
different  ozone  amounts. 

At  Abu  with  its  favourable  skies  for  making  ozone  measurements,  we  have 
been  able  to  take  umkehr  observations  on  many  successive  days,  but  since 
the  day-to-day  changes  are  small,  there  are  generally  no  large  differences  in 
vertical  distribution.  There  was,  however,  one  instance  in  which  umkehr 
observations  were  obtained  on  two  alternate  days  with  ozone  amounts  0-188 
cm  and  0-209  cm.  The  distributions  calculated  by  the  usual  method 
without  correcting  for  secondary  scattering  are  shown  in  Fig.  7.  With  the 
higher  ozone  content,  there  is  more  ozone  between  18  and  27  km  and  in  the 
lower  atmosphere  below  9  km. 
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Figure  6.  Generalized  diagram 
showing  vertical  distribution  of 
ozone  for  differing  ozone  amounts 
( from  umkehr  observations) 


Observations  on  a  series  of  days  made  by  Mr.  Kulkarni  at  Mount  Abu 
in  which  there  were  gradual  changes  of  ozone,  either  decreasing  or  increasing, 
have  been  used  to  find  out  how  the  height  distribution  depends  on  the  total 
ozone  amount.  Table  1  gives  the  results  of  grouping  the  observations 
according  to  the  total  amount  (see  also  Fig.  8). 


Figure  7.  Mount  Abu ,  vertical  distribution  of  ozone  for  different  ozone  amounts 
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Table  1 


Ozone 
Amount 
Group 
average  cm 

No.  of 
days  of 
observa¬ 
tion 

Average  ozone  amount  in  different  layers  in 

cm/km 

10-3 

0-18  km 

18-27  km 

27-36  km 

36-45  km  45-54  km 

0-153 

4 

0-5 

6-7 

7-6 

1-4 

0-3 

0-159 

11 

0-5 

7-6 

7-5 

1-5 

0-3 

0-172 

8 

0-6 

8-4 

7-8 

1*6 

0-4 

0-180 

6 

0-6 

9-5 

7-4 

1*5 

0-4 

0-195 

4 

0-6 

11-8 

6-3 

1-5 

0-5 

0-209 

1 

1-3 

12-3 

7-1 

1-2 

0-5 

Most  of  the 

increase 

in  ozone 

took  place 

in  the  layer 

18-27  km. 

This  is 

also  the  conclusion  to  which  Karandikar  and  1 18  came  after  examining  the 
Delhi  observations.  There  was  however  a  slightly  greater  amount  of  ozone 
at  Delhi  in  9-18  km.  The  division  of  the  atmosphere  into  9-km  layers  in 
the  manner  in  which  we  have  done  is  artificial  and  it  is  possible  to  find 
slightly  alternative  solutions  which  will  fit  the  observed  umkehr  curves 
within  the  limits  of  experimental  error.  But  the  basic  feature  that,  in  the 
subtropical  region,  an  increase  of  ozone,  when  it  takes  place,  occurs  mainly  in 
the  lower  layers  of  the  stratosphere  below  the  level  of  ozone  maximum  will,  I 
believe,  not  be  changed. 
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OZONE  IN  THE  LOWER  LAYERS  OF  THE  ATMOSPHERE 

It  has  been  known  for  a  long  time  that  there  is  a  very  small  percentage  ol 
ozone  present  in  the  air  near  the  ground.  In  recent  years,  this  has  been  con¬ 
firmed  by  optical  methods  by  measuring  the  absorption  of  ultraviolet 
radiation  by  long  paths  of  surface  air.  The  mean  monthly  values  of  surface 
ozone  obtained  from  a  long  series  of  observations  at  Montsouris,  near  Paris, 
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Figure  9.  Surface  ozone  at  Ahmedabad 
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collected  by  Colange  and  Lepape  are  given  in  Prof.  Fabry’s  book  on 
‘L’ozone  atmospherique’.  It  varies  from  13fi,g/m3  in  November  to 
22pg/m3  in  May-June.  In  recent  years,  Dr.  V.  H.  Regener  and  Dr. 
Ehmert  have  greatly  improved  the  chemical  method  and  regular  observa¬ 
tions  have  been  made  at  many  places  in  Germany,  at  Arosa  and  in  New 
Mexico.  Prof.  E.  Regener  and  Dr.  Ehmert  summarized  the  work  done  in 
recent  years  in  the  Brussels  symposium  on  ozone  in  1951.  The  following  are 
the  main  facts : 

In  stagnant  or  slowly  moving  air,  the  ozone  amount  decreases  to  a  low 
value  in  a  few  hours.  In  conditions  of  strong  turbulence,  there  is  a  rapid 
increase  in  ozone.  Usually,  the  surface  ozone  reaches  a  maximum  at 
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Figure  10.  Surface  ozone  at  Ahmedab ad  during  2-11.7.54. 

Also  temperature  (°  F),  wind  speed  ( m.p.h .)  and  wind 
direction.  Winds  at  5,000 ft 

1 4  to  1 5  h  and  a  minimum  in  the  early  hours  of  the  morning.  At  a  mountain 
station  like  Arosa  or  Capillo  Peak,  *5  the  ozone  amount  is  larger  than  in  a 
neighbouring  lower-level  station  and  the  daily  variation  is  smaller. 

All  this  suggests  that  there  is  a  downward  transport  of  ozone  at  times  of 
strong  turbulence  and  that  when  the  turbulence  dies  down,  the  ozone  is 
destroyed  by  chemical  or  catalytic  action. 
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In  view  of  the  small  amount  of  ozone  found  in  the  lower  atmosphere  in 
the  tropics,  it  was  thought  worth-while  to  obtain  some  observations  in 
India  and  through  the  kind  offices  of  the  International  Ozone  Commission, 
an  Ehmert  apparatus  was  made  available  to  us.  Some  of  the  results  of 
observations  made  at  Ahmedabad  during  the  last  three  months  by  Mr.  J.  V. 
Dave  are  shown  in  Figs.  9  and  10.  The  results  are  extremely  interesting  and 


Figure  11.  Monthly  mean  surface  ozone  at  Alaska,  Arosa  and  Ahmedabad 


show  that  there  is  a  substantial  amount  of  ozone  even  in  the  lower  atmosphere 
over  the  tropics  of  the  order  of  0-001  cm/km,  that  the  surface  ozone  undergoes 
a  regular  daily  variation,  and  there  are  occasions  when  owing  to  special 
weather  conditions,  substantially  larger  amounts  of  ozone  are  brought  down. 
For  comparison  I  have  shown  in  Fig.  11  the  mean  monthly  values  of  surface 
ozone  measured  at  Alaska  by  W.  S.  Wilson19  and  others,  at  Arosa  by 
Gotz  and  Volz20  and  at  Ahmedabad  by  Mr.  Dave.  The  annual  variation 
and  the  decrease  in  the  amounts  as  we  go  from  polar  regions  to  the  sub-tropics 
are  very  marked.  The  increase  of  ozone  from  August  to  November  has  been 
explained  as  being  due  to  the  fact  that  Alaska  is  snow-covered  after  Septem¬ 
ber  and  Volz  has  shown  that  ozone  undergoes  comparatively  little  decompo¬ 
sition  by  coming  in  contact  with  ice. 

MECHANISM  OF  OZONE  CHANGES  AND  ATMOSPHERIC  CIRCULATION 
Day-to-day  variations 

A  photochemical  theory  of  atomic  oxygen  and  atmospheric  ozone  was  out¬ 
lined  by  Chapman  in  1930.  Since  then,  many  authors  have  worked  on  the 
photochemistry  of  atmospheric  ozone,  Mecke,  Wulf  and  Deming,  Schroer, 
Dutsch21  and  Craig.22 

Oxygen  atoms  are  produced  by  the  absorption  of  sunlight  of  wavelengths 
shorter  than  2420  A;  these  atoms  combine  with  oxygen  molecules  to  form 
ozone.  Ozone  is  destroyed  by  absorption  of  sunlight  below  11,800  A. 
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Under  these  two  contrary  actions,  a  certain  equilibrium  distribution  of 
ozone  will  be  established  even  in  a  stagnant  atmosphere  depending  on  the 
zenith  distance  of  the  sun.  In  Fig.  12  are  shown  the  equilibrium  vertical  dis¬ 
tributions  of  ozone  for  a  few  different  latitudes  corresponding  to  summer  and 
winter  according  to  the  calculations  of  Diitsch.  The  total  equilibrium  ozone 
amount  decreases  with  increasing  zenith  distance  of  the  sun.  According  to 
a  pure  photochemical  theory,  there  should  be  more  ozone  over  equatorial 
regions  in  all  seasons,  and  in  middle  and  high  latitudes,  more  ozone  in 


Figure  12  (a).  Photochemical  equilibrium  ozone  ( Diitsch )  (Z=  Zenith  Sun;  S 45= Summer  at 

lat.  45°;  W60  =  Winter  lat.  60°) 

( b ).  Non-equilibrium  max.  and  min.  ozone  at  45° 


summer  than  in  winter.  The  equatorial  maximum  should  also  lie  at  a 
lower  level.  In  the  actual  atmospheric  problem,  not  only  is  the  ultimate 
equilibrium  value  of  ozone  important,  but  also  the  rate  at  which  the  equi¬ 
librium  is  approached  if  it  has  not  been  attained  or  has  been  disturbed.  It 
appears  that  the  time  required  to  restore  half-equilibrium  when  it  is  disturbed 
is  of  the  order  of  a  few  hours  at  35  km,  a  few  days  at  30  km  and  a  few  weeks 
at  20-25  km.  At  levels  below  30  km,  the  actual  ozone  amount  present  at 
any  time  cannot  therefore  correspond  to  the  amount  in  equilibrium  with  the 
radiation  existing  at  the  time.  On  the  right-hand  side  of  Fig.  12,  the  maxi¬ 
mum  and  minimum  non-equilibrium  values  of  ozone  during  the  year  as 
calculated  by  Diitsch  are  also  given  for  the  latitude  of  45°.  While  photo¬ 
chemical  action  by  itself  cannot  explain  the  observed  distribution  of  ozone 
and  its  short  period  changes,  it  is  sufficient  to  provide  all  the  ozone  that  we 
observe,  provided  there  is  some  agency  capable  of  transporting  the  ozone 
with  sufficient  rapidity  from  where  it  can  be  quickly  formed  to  places  where 
it  can  be  preserved.  All  those  who  have  worked  on  the  vertical  distribution 
of  ozone  are  agreed  that  the  ozone  changes  which  take  place  from  day 
to  day  occur  mainly  below  25  km,  that  is,  in  the  region  where  photochemical 
formation  of  ozone  is  far  too  slow  to  account  for  the  rapidity  of  the 
changes. 
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Dobson’s  composite  diagrams  of  ozone  distribution  in  the  field  of  atmo¬ 
spheric  disturbances,  Meetham’s  correlations  and  Normand’s  curve  parallels 
are  all  consistent  with  our  present  ideas  of  the  aerology  of  extra-tropical 
disturbances.  The  ozone  amount  increases  behind  upper  air  troughs, 
because  there  is  converging  air  flow  in  the  upper  troposphere  and  lower 
stratosphere  from  regions  where  there  is  a  larger  amount  of  ozone.  This 
flow  is  accompanied  by  a  descending  component  of  motion  with  a  lowered 
tropopause  and  higher  stratospheric  temperatures.  Sometimes,  the  lowering 
of  the  tropopause  is  so  great  that  the  old  tropopause  is  obliterated  and  a  new 
one  forms  at  a  lower  level.  Stratospheric  air  can  then  stream  into  the 
troposphere  and  become  incorporated  in  it.  Since,  in  general,  the  ozone 
mixing  ratio  increases  with  height  up  to  30  km,  the  descent  of  the  tropopause 
means  increased  ozone  amount.  Similarly  in  the  ridge  between  two  troughs, 
the  tropopause  is  high  and  the  air  flow  in  the  upper  troposphere  is  from  lower 
latitudes  where  the  ozone  concentration  is  lower.  As  shown  by  Mr. 
Sawyer23  in  his  valuable  studies  of  tropopause  variations,  the  tropical 
tropopause  often  folds  over  in  the  advancing  part  of  the  high-level  ridge, 
descends,  and  gradually  disappears. 

W.  J.  Reed24  has  shown  that  advection  together  with  vertical  motion,  as 
first  suggested  by  Palmen,  can  account  in  a  reasonable  manner  for  the 
observed  day-to-day  variations  of  ozone  in  middle  latitudes.  There  is 
general  agreement  that,  without  downward  vertical  movement,  it  would  not 
be  possible  with  advection  alone  to  explain  either  the  larger  variations  of 
ozone  in  winter  and  spring  or  the  variations  in  summer  and  autumn. 
Langlo5  has  quoted  an  instance  in  March  1948  in  which,  associated  with 
a  deep  closed  depression  with  a  low  tropopause  at  about  6  km,  the  ozone 
amount  increased  from  0-220  cm  to  0-330  cm. 

The  essential  part  of  the  story  is  that,  as  clearly  brought  out  by  Bjerknes 
and  Palmen25,  the  moving  upper  waves  of  extra-tropical  latitudes,  with 
which  lower  level  fronts  are  often  coupled,  not  only  exchange  air  between 
subtropical  and  polar  regions,  but  have  associated  with  them  a  definite 
scheme  of  vertical  air  movements,  bringing  stratospheric  air  into  the  tropo¬ 
sphere  and  injecting  tropical  tropospheric  air  into  the  middle  latitude 
stratosphere.  Fleagle’s26  diagrams  of  horizontal  convergence  and  vertical 
movements  associated  with  travelling  troughs  and  ridges  are  well  known. 
I  reproduce  a  diagram  (Fig.  13)  by  Palmen  and  Nagler27  in  which  they 
h-ve  shown  the  vertical  sections  along  the  37,800-ft  contour  of  the  200-mb 
surface  associated  with  a  deep  polar  trough  in  the  U.S.A.  in  February  and  the 
two  adjacent  high-level  ridges.  The  upper  boundaries  of  the  polar  air,  the 
tropopauses,  and  a  few  isentropes  are  drawn.  The  isentropes  are  approxi¬ 
mate  stream-lines  in  the  lower  stratosphere  and  show  clearly  the  interpene¬ 
tration  of  stratospheric  and  tropospheric  airs.  The  37,800-ft  contour 
meanders  between  55°  N  and  30°  N.  The  slopes  of  the  isentropes  near  the 
200-mb  surface  give  an  idea  of  the  vertical  displacement  of  the  air  in  moving 
from  ridge  to  trough  and  from  trough  to  ridge.  In  12  hours,  the  vertical 
displacement  was  about  70  mb  or  2  km  and  the  average  vertical  velocity 
about  4  cm/sec. 

Palmen  and  Nagler  point  out  that  in  addition  to  the  general  subsidence  on 
the  west  side  of  a  trough  line  shown  in  Fleagle’s  diagrams,  6  there  must  be 
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another  motion  which  intensifies  the  subsidence  in  the  lower  stratosphere  and 
weakens  it  somewhat  in  certain  regions  of  the  troposphere’.  When  in  an 
eastward  moving  disturbance,  the  polar  front  is  sloping  upward  from  SE  to 
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Figure  13.  Cross-section  along  37,800 ft  contour  of  200  mb  surface  showing  isentropes,  tropo- 
pauses  and  upper  boundary  of  frontal  layer — ( Palmen  and  Nagler) 


NW,  the  tropical  upper  tropospheric  air  ascends  and  gets  into  the  strato¬ 
sphere  above  the  lower  tropopause  of  the  polar  air.  Similarly  when  the 
polar  front  is  pointing  from  SW  to  NE,  there  is  a  sinking  movement  of  the 
tropical  substratosphere  and  some  of  the  polar  stratosphere  air  gets  into  the 
upper  troposphere  on  the  southern  side  of  the  polar  front.  There  is  little 
doubt  that  the  upper  vertical  circulations  which  are  normally  active  from 
400  mb  to  150  mb  in  the  region  of  extra-tropical  cyclones  play  a  very  im¬ 
portant  role  in  bringing  down  ozone  from  the  lower  stratosphere  into  the 
troposphere. 
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The  ozone  variations  in  N.  India  associated  with  winter  disturbances 
suggest  that  similar  exchanges  of  air  between  stratosphere  and  troposphere 
must  be  taking  place  in  the  subtropical  jet-stream  region  between  the  tropical 
tropopause  and  the  lower  middle  latitude  tropopause.  See  Figs  14  (a)  and 
14  ( b )  showing  ozone  variations  at  Delhi,  Abu  and  Veraval  on  March  20  to 


m 


Stream  lines  at  20,000 ft. 


Figure  14  (b).  Ozone  at  Mount  Abu  and  Ahmedabad,  surface  pressure  at  Abu,  and  300  mb 

level  at  Jodhpur 


April  5,  1954  and  at  Abu  and  Ahmedabad  on  February  29,  to  March  3,  1952 
respectively.  We  do  not  have  sufficient  upper  air  data  at  high  levels  to  work 
out  tropopause  contours  or  stream  lines  above  300  mb.  But  from  the 
seasonal  and  day-to-day  variations  of  ozone  at  Delhi,  Abu  and  Ahmedabad, 
it  is  clear  that  so  long  as  the  subtropical  jet-stream  remains  well  to  the  north 
of  Delhi,  there  is  very  little  change  in  the  ozone  amount  and  that  the  increase 
of  ozone  in  N.  India  in  winter  is  associated  with  the  formation  of  double 
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tropopause  over  N.  India  and  a  leakage  of  middle  latitude  stratospheric  air 
into  the  N.  Indian  troposphere.  The  much  larger  ozone  amounts  observed 
by  Mr.  Fournier  d’Albe  and  his  collaborators  at  Quetta  in  Pakistan  and 
Mr.  Abdul  Khalek28  in  Afghanistan  may  be  partly  explicable  by  the  more 
frequent  occurrence  of  lower  tropopause  at  those  stations.  Calibrated, 
inter-compared  instruments  are,  however,  necessary  before  decisive  conclu¬ 
sions  can  be  drawn. 

Latitudinal  and  seasonal  variations 

The  outstanding  features  of  the  latitudinal  and  seasonal  variations  of  ozone 
are  shown  in  an  expressive  way  in  Fig.  15.  This  diagram  differs  somewhat 


Figure  15.  Latitudinal  distribution  of  mean  ozone  amounts  in  different  seasons 


from  Dobson’s  classical  diagrams,  but  the  difference  is  due  to  the  inclusion  of 
Indian  data  for  latitudes  up  to  28 N  and  the  data  of  Helwan,  Zi-ka-wei  and 
Azores.  Long-period  averages  of  the  European  stations  have  been  used. 
The  ozone  data  are  no  doubt  non-homogeneous  and  for  very  unequal  periods 
but  there  does  seem  to  be  a  discontinuity  in  ozone  amount  at  about  30°,  a 
fact  on  which  Langlo  has  already  commented.  This  diagram  should  be 
compared  with  a  diagram  showing  the  tropopause  levels  at  different  latitudes. 
I  have  reproduced  in  Fig.  16  a.  diagram  due  to  the  London  Meteorological 
Office.  Comparing  these  two  and  bearing  in  mind  the  variations  of  ozone 
at  Delhi  during  winter  it  seems  difficult  to  avoid  the  conclusion  that  the 
steep  increase  in  ozone  amount  to  the  north  of  30°  is  associated  with  the 
steep  lowering  of  the  tropopause  in  the  same  direction.  We  have  seen  that, 
in  middle  latitudes,  a  lowering  of  the  tropopause  goes  with  increase  in  ozone 
amount;  this  association  is  also  apparently  true  for  the  tropopause  funnels 
investigated  by  Palmen  and  others  as  well  as  for  the  transition  from  the 
tropical  to  the  temperate  latitude  tropopause.  The  thicker  the  stratospheric 
layer  between  the  level  of  maximum  ozone  concentration  and  the  tropopause 
the  greater  is  its  ozone-holding  capacity.29 


676 


ATMOSPHERIC  OZONE  AND  CIRCULATION  OF  THE  ATMOSPHERE 

How  much  ozone  is  collected  in  that  reservoir  in  a  certain  time  depends  on 
the  rate  at  which  it  is  filled  and  the  rate  at  which  ozone  leaks  out  or  is 
decomposed.  In  the  cold  dry  dust-free  air  of  the  lower  stratosphere, 
decomposition  is  very  slow.  We  are  therefore  concerned  with  finding  om 
how  this  reservoir  can  be  filled  or.  discharged. 


20  ¥0 
M-t-4  M-t 

Figure  16.  Percentage  frequencies  of  tropopause  pressures  ( London  A 1.0.) 


The  average  tropopause  has  a  height  varying  from  1 7  km  to  9  km  with  a 
steep  drop  between  16  km  and  1 1  km  and  yet  other  breaks  near  polar  fronts. 
Although  the  air  in  the  stratosphere  between  9  and  1 7  km  is  highly  stratified, 
the  existence  of  the  tropical  upper  troposphere  with  its  upper  pool  of  cold 
air  and  of  the  subtropical  jet-stream  at  about  12  km  causes  large-scale 
horizontal  movements  with  pronounced  vertical  components.  The  tropical 
air  streaming  out  into  the  stable  stratosphere  of  higher  latitudes  will  retain  its 
individuality  for  much  longer  distances  and  times  than  the  middle  latitude 
stratospheric  air  which  descends  into  the  tropical  troposphere.  That  means 
the  tropical  tropopause  will  carry  with  it  the  low  frost  point  characteristic  of 
its  temperature30  and  high  ozone  content  of  the  lower  tropical  stratosphere. 


677 


PRESIDENTIAL  ADDRESS 


It  is  difficult  to  say  anything  precise  about  the  depth  of  the  stratospheric 
layer  which  will  participate  in  this  south-north  movement  but  from  the 
known  temperature  distribution  in  the  stratosphere,  the  outflow  for  the 
tropics  must  extend  to  a  height  of  22-24  km  when  it  starts.  This  must 
carry  to  higher  latitudes  the  richer  ozone  content  of  the  lower  stratosphere  of 
the  tropics. 

Thus,  there  are  features  in  the  circulation  of  the  upper  troposphere  and 
lower  stratosphere  which  give  opportunities  for  stratospheric  air  to  get 
rapidly  into  the  troposphere.  Weak  spots  often  occur  in  the  tropopause  near 
the  upper  parts  of  polar  fronts  and  also  on  the  polar  side  of  subtropical 
jets.  Such  opportunities  are  fewer  and  feebler  in  summer. 

We  know,  however,  that  the  vertical  movements  connected  with  the 
vorticity  concentrations  in  the  upper  troposphere  are  rapidly  enfeebled  as 
we  ascend  the  stratosphere,  and  so  we  cannot  expect  tropospheric  activity  to 
affect  the  atmosphere  in  the  ozone  regeneration  region  above  30  km.  There 
must  be  another  upper  circulation  which  brings  down  ozone  from  the  ozone 
regeneration  region  above  30  km.  reservoir  in  winter  and  spring. 

In  the  winter  stratosphere,  there  are  two  cold-air  sources,  one  immediately 
above  the  tropical  tropopause  up  to  a  height  of  20-22  km  and  a  second  one 
in  the  polar  stratosphere  well  above  20  km.  Upper  winds  at  Lerwick  (60° 
N),  Larkhill  (51°  N)  31  and  New  Jersey  (40°  N)  32  show  minimum  strength  of 
westerlies  at  about  20  km  and  steadily  increasing  westerlies  up  to  30  km  and 
more.  This  is  consistent  with  the  supposition  that  the  air  in  the  polar 
stratosphere  is  colder  than  the  air  at  the  same  levels  over  middle  latitudes. 

Many  years  ago,  Whipple  suggested  a  meridional  distribution  of  tem¬ 
peratures  in  the  stratosphere  with  cold  air  over  the  winter  polar  region  and 
warm  air  over  the  summer  pole.  Recently,  Dr.  A.  H.  R.  Goldie33  has 
used  the  later  measurements  and  estimates  of  upper  air  temperatures  up  to 
48  km  to  sketch  a  tentative  stratosphere  meridional  circulation.  Its 
essential  features  are  a  strong  west  wind  circulation  round  the  winter  pole 
increasing  with  height  above  20  km  and  weaker  easterly  circulation  in  the 
summer  hemisphere. 

There  is  therefore  reason  to  expect  that  in  the  stratosphere  of  the  winter 
hemisphere,  there  exists  an  equatorward  flow  of  cold  air  at  high  levels  above 
25  km.  This,  together  with  the  poleward  flow  from  the  lower  equatorial 
sub-stratosphere  must  lead  to  a  circulation  of  the  type  shown  in  Fig.  17  with 
upper  stratospheric  air  descending  over  middle  and  lower  latitudes. 

As  shown  by  the  upper  wind  measurements  over  Lerwick  and  Larkhill,  the 
upper  stratospheric  westerly  circulation  persists  from  November  till  April  and 
is  strongest  from  January  to  March.  There  must  be  associated  meridional 
movements  of  a  wave-like  character. 

The  effect  of  a  high-level  polar  circulation,  the  upper  arm  of  which  extends 
into  the  region  of  photochemical  ozone  formation  and  the  lower  arm  into 
the  region  of  ozone  conservation,  would  be  to  enrich  the  ozone  content  of  the 
air.  It  is  not  surprising  that  the  effect  of  this  enrichment  is  most  clearly 
visible  in  March-April  in  high  and  middle  latitudes  when  the  enrichment 
process  has  led  to  an  accumulation  of  ozone  in  the  protected  region. 

The  equatorial  storage  reservoir  of  ozone  above  the  tropical  tropopause  is 
wider  in  area  but  of  shallower  depth.  Its  replenishment  and  emptying 
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goes  on  throughout  the  year,  but  presumably  at  a  faster  rate  in  winter  when 
the  subtropical  jet-stream  is  strongest.  The  seasonal  increase  of  ozone  in 
winter  and  spring  is  thus  largely  an  effect  of  ( 1 )  more  effective  ozone  preserva¬ 
tion  in  the  lower  stratosphere  and  troposphere  and  (2)  the  existence  of  an 
upper  high-level  meridional  circulation  between  high  and  middle  latitudes. 
The  warming  up  of  the  summer  stratosphere  over  polar  regions  can  have  only 
the  effect  of  weakening  the  upper  circulation.  The  replenishment  from 
above  will  fail  and  the  ozone  amount  will  gradually  decrease  due  to  the 
distinctive  action  of  radiation  and  of  chemical  activity  in  the  troposphere. 


Figure  17.  Idealized  winter  meridional  circulation  over  northern  hemisphere 


Gotz  and  Tonsberg  and  Langlo  have  commented  on  the  year-to-year 
variations  of  the  ozone  amounts  over  Arosa  and  Tromso.  Similar  behaviour 
has  been  noted  at  other  places.  When  we  have  standardized  ozone  measur¬ 
ing  stations  at  selected  places  over  the  earth,  the  data  will  no  doubt  provide  a 
valuable  index  of  the  activity  of  the  general  circulation  in  the  upper  tropo¬ 
sphere  and  lower  stratosphere. 

The  study  of  atmospheric  ozone  has  opened  up  a  newr  means  not  only  of 
following  atmospheric  movements  in  the  upper  atmosphere,  but  also  of 
testing  schemes  of  general  circulation  in  the  stratosphere  up  to  40  km.  A 
more  extensive  regional  network  now  seems  to  be  called  for  with  special 
attention  to  observations  on  either  side  of  the  subtropical  jet-stream  with 
inter-compared  instruments.  Vertical  distribution  data  on  individual  days 
are  still  too  few.  Side  by  side  with  them,  efforts  have  to  continue  to  obtain 
quantitative  information  about  other  possible  agencies  which  may  produce 
or  destroy  ozone  in  the  atmosphere, 

I  have  not  touched,  or  touched  very  briefly,  on  many  questions  of 
importance.  As  you  are  aware,  we  are  going  to  have  a  discussion  on  the 
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16th  on  ‘Atmospheric  Ozone  and  the  Circulation  in  the  Stratosphere’  under 
the  chairmanship  of  Prof.  Dobson,  our  leader  in  ozone  studies.  We  hope 
to  have  some  questions  elucidated  there  by  workers  from  different  parts  of 
the  world. 

Ozone  studies  in  India  have  been  made  possible  by  the  whole-hearted 
co-operation  of  the  India  Meteorological  Department  and  of  the  Council  of 
Scientific  and  Industrial  Research  in  India,  to  both  of  whom  I  express  my 
heartfelt  thanks. 
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II— THE  CALCULATION  OF  THE  VERTICAL  DISTRIBUTION  OF 
OZONE  BY  THE  GOTZ  UMKEHR-EFFECT  (METHOD  B) 


K.  R.  Ramanathan  and  J.  V.  Dave 

Physical  Research  Laboratory,  Ahmedabad  9 


1  Introduction 

The  present  note  gives  the  details  of  Method  B  for  calculating  the  vertical  distri¬ 
bution  of  ozone  in  the  atmosphere  from  observations  on  the  umkehr-eifect.  The 
method  was  originally  due  to  Gotz,  Meetham,  and  Dobson  (1934). 

Although  the  method  is  not  free  from  objection,  it  gives  information  of  value 
about  the  changes  in  the  vertical  distribution  of  ozone  associated  with  day-to-day 
changes  in  weather;  it  is  also  comparatively  easy  to  use  in  clear  weather  at  all 
stations  equipped  with  a  Dobson  Spectrophotometer. 

The  measurements  required  are  the  ratios  of  the  intensities  of  light  of  two  wave¬ 
lengths  from  the  clear  zenith  sky,  one  of  which  is  much  more  absorbed  by  ozone 
than  the  other,  for  zenith  distances  Z  of  the  sun  varying  from  40°  or  60°  to  90°. 
Considering,  for  example,  the  light  of  two  wave-lengths  31 12  A  and  3323  A  (for  which 
the  decimal  absorption  coefficients  of  ozone  are  1-23  and  0-08  respectively),  it  is 
found  that  the  ratio  L  =  log  [/(,■* n2)/^(33 23)1  i*1  light  from  the  zenith  sky  decreases 
as  Z  increases  until  a  value  of  about  86-5°  is  reached,  and  then  increases  as  Z  in¬ 
creases  to  90°. 

Instead  of  L,  one  can  plot  N  =  100(L0  —L)  where  L0  is  the  value  of  L  extrapolated 
for  a  point  outside  the  atmosphere.  It  is  the  general  practice  to  plot  L  or  N  against 
Z4  so  as  to  give  an*open  scale  when  the  sun  is  near  the  horizon. 

Sample  curves  of  N  against  Z4  for  AA  3112/3323  and  AA  3054/3253  are  shown  in 
Fig.  1.  (Curves  C  and  A  respectively.) 


Fig.  1.  Umkehr  curves  with  Dobson  Spectrophotometer. 
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The  light  reaching  the  observer  from  the  sky  in  any  direction  is  sunlight  scattered 
by  the  whole  column  of  atmosphere  in  that  direction.  It  includes  primary  as  well 
as  multiply  scattered  light.  If  only'  primary  scattered  light  from  molecules  is  con¬ 
sidered,  it  is  easy  to  obtain  an  expression  for  the  light  of  any  wave-length  reaching 
the  observer  from  the  zenith. 

In  Section  2,  the  method  of  calculating  the  vertical  distribution  of  ozone  is 
described,  first  on  the  assumption  that  the  light  from  the  zenith  sky  is  solely  primary 
scattered  light.  A  short  section  is  added  explaining  the  effect  of  secondary  scattered 
light  and  a  method  of  correcting  for  it.  A  fully  worked  out  example  follows. 

In  Section  3,  supplementary  tables  applicable  to  stations,  at  or  near  two  higher 
levels,  912  mb  and  810  mb,  are  provided. 

2  Calculation  of  Primary  Scattered  Light  received  from  the 

Zenith  Sky  at  the  Ground 

For  calculating  the  light  scattered  vertically  downward,  the  atmosphere  is  divided 
into  layers  (Karandikar  and  Ramanathan,  1949).  The  first  layer  is  from  the 
ground  (1013  mb/level)  to  6  km.  The  second  level  is  from  6  km  to  12  km  The  other 
layers  are  each  6  km  thick  up  to  54  km,  and  above  54  km  the  whole  atmosphere  is 
treated  as  one  layer. 


Fig.  2.  Division  of  the  atmosphere  into  6  km.  layers. 


p0  1013  mb. 

p  Pressure  at  height  h  taken  from  rocket  panel  data.  (Table  1.) 

Amn  Mass  of  air  in  the  nth.  layer,  expressed  as  a  fraction  of  the  total  mass  of 

air  in  a  standard  atmosphere  which  exerts  a  pressure  of  1013  mb  at  its 
base.  The  air  in  each  6  km  layer  is  supposed  to  be  concentrated  at  a 
height  of  2  km  above  the  base  of  the  layer.  These  assumptions  are  not 
free  from  objection,  but  are  simple  and  reasonably  accurate, 
a,  a'  Decimal  absorption  coefficients  of  ozone  for  A,  A'  (per  cm  of  ozone  at 
S.T.P.)  (Table  3).  The  table  includes  data  for  all  the  four  pairs  of  wave¬ 
lengths  normally  used  for  ozone  determination  with  the  Ozone  Spectro¬ 
photometer. 
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(3,  fi'  Decimal  scattering  coefficients  for  light  of  wave-lengths  A,  A'  by  a  standard 
atmosphere  (Table  3). 

Fh  Integrated  air-path  from  the  top  of  the  atmosphere  to  h  (expressed  as 

multiple  of  air-mass  in  one  standard  atmosphere),  and  from  h  vertically 
downward  to  the  observer.  (Table  4.)  For  an  observer  at  pressure- 
level  p0  =  1013  mb,  Fh  —  l-\-{p/p0)[Ch(Z)  —1]  where  Ch (Z)  is  the  Chap¬ 
man  Function  for  a  spherical  atmosphere  for  zenith  angle  Z  with  the 
vertical  through  the  observer.  The  values  of  Ch(Z)  have  been  tabulated 
by  M.  V.  Wilkes  (1954).  While  considering  air-mass  in  the  slant  path 
above  a  particular  height  h,  it  is  to  be  noted  that  the  temperature  of  the 
air  in  the  first  few  kilometres  above  h  exerts  a  dominant  influence.  The 
mean  temperatures  in  the  atmosphere  as  shown  by  rocket  ascents  have 
been  taken  as  a  guide  in  preparing  Table  1A  of  the  values  of  Ch  (Z). 

If  the  observer  is  located  at  a  pressure-level  kp0  instead  of  at  p0,  the 
values  of  Fh  in  all  rows  in  Table  4  except  the  first  row  (corresponding  to 
2  km)  should  be  changed  to  Jc-\-plp0[Ch(Z)  —1].  Supplementary  Table  4X 
has  been  prepared  for  Jc  =  0-9  and  0-8  corresponding  to  pressure  levels 
912  and  810  mb  respectively.  These  will  hold  for  stations  at  1  km  and 
2  km  respectively  above  sea  level.  For  the  lowest  layer,  in  Table  4X,  h  has 
been  taken  to  be  3  km  above  1013-mb  level.  This  is  sufficiently  accurate. 

A s  Total  geometrical  slant  path  of  light  in  each  layer. 

A h  Corresponding  vertical  path  in  the  layer. 

A s  —  A h  have  been  tabulated  in  Table  6  for  all  those  layers  in  which  there  is  a  slant 
path.  A  constant  value  of  the  radius  of  the  earth  a  =  6370  km  has  been 
used.  See  Fig.  3.  For  layers  in  which  there  is  only  a  vertical  path 
As  — Ah  =  0. 


Fig.  3.  Diagram  explaining  As  and  A h. 


Vi,  y2,  y3,  etc.  up  to  y9  are  the  ozone  amounts  in  10-3  cm/km  in  successive  layers 
as  we  go  up ;  it  is  assumed  that  the  ozone  amount  above  54  km  is  negligible  so  that 
the  total  ozone  amount  x  =  6y1-)-6(y2-|-  ...  -f  y9).  The  factor  6  in  the  first  term  on 
the  right  will  require  a  small  adjustment  if  the  station  is  above  the  1013-mb  level. 

The  total  ozone  Y  in  the  path  of  the  light,  when  the  zenith  distance  of  the  sun  is 
Z  and  the  light  is  scattered  from  the  nth  layer,  is  given  by  the  sum  of  the  ozone 
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Table  1.  Pressure  at  different  heights  above  sea-leve 
(From  rocket  panel  data) 


Height  km 

Pressure  mb 

Height  km 

Pressure  mb 

0 

1013 

44 

1  -90 

2 

803-5 

48 

1  -15 

6 

487-5 

50 

0-902 

8 

372-4 

54 

0-547 

12 

206-5 

56 

0-426 

14 

150-7 

60 

0-254 

18 

78-5 

62 

0-194 

20 

56-9 

66 

0-111 

24 

30-5 

68 

0-082 

26 

22-5 

72 

0-045 

30 

12-5 

74 

0-033 

32 

9-31 

78 

0  017 

36 

5-32 

80 

0-012 

38 

4-07 

84 

0-007 

42 

2-43 

Table  1A.  Values  of  Ch(Z)  adopted  for  different  values  of  A  (km)  and  of  ^(degrees).  The  rocket  tempei  - 
atures  at  h  to  h-\-  10(km)  have  been  taken  into  consideration  hi  tabulating  these  values. 


\z 

h  (km) 

37° 

60° 

O 

O 

75° 

80° 

O 

oo 

86-5° 

88° 

90° 

2,  3 

1-251 

1-993 

2-90 

3-80 

5  55 

8-73 

13-3 

18-7 

35*5 

8 

1-261 

1-993 

2-90 

3-81 

5-58 

8-84 

13-6 

19-5 

38-7 

14,  20 

1-251 

1-993 

2-90 

3-81 

5-59 

8-87 

13  7 

19-7 

39-7 

26,  32 

1-251 

1-993 

2-90 

3-81 

5-57 

8-81 

13-5 

19-2 

37-6 

38,  44,  50 

1-251 

1  -993 

2-90 

3-80 

5-55 

8-73 

13-3 

18-7 

35-5 

56 

1-251 

1-993 

2-90 

3-80 

5-56 

8-77 

13-4 

10-0 

36-6 

62 

1-251 

1-993 

2-90 

3-81 

5-57 

8-81 

13-5 

19-2 

37-6 

68 

1-251 

1-993 

2-90 

3  81 

5-59 

8-87 

13-7 

19-7 

39-7 

Table  2.  Logarithm  of  the  mass  of  air  in  different  layers 
expressed  as  fraction  of  the  mass  in  a  vertical  column  of  the 
standard  atmosphere 


Layer 

Log  Am„ 

Layer 

Log  A mn 

0-6 

T-715 

42-48 

3-100 

6-12 

1-443 

48-54 

4-778 

12-18 

T-101 

54-60 

4-461 

18-24 

5-676 

60-66 

4-149 

24-30 

5-250 

66-72 

5-820 

30-36 

3-848 

72-78 

5-431 

36-42 

3-455 

78-84 

5-000 
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Table  3,  Decimal  absorption  coefficients  of  ozone  and  scattering  coefficients  of  atmosphere 

for  light  of  different  pairs  of  wave-lengths 


a 

<x 

P 

r 

Log  {ft ft’) 

A 

3054/3253 

2-58 

0-16 

0  -503 

0-384 

0-1173 

B 

3085/3291 

1-77 

0-12 

0-481 

0-365 

0-1198 

G 

3112/3323 

1  -23 

0-08 

0  -464 

0-350 

0-1224 

D 

3175/3399 

0-54 

0-02 

0-425 

0-318 

0-1260 

a,  a'  refer  to  1  cm  of  ozone  at  S.T.P.  and  f),  p'  to  an  atmosphere  which  exerts  a  pressure  of  1013  mb 
at  its  base. 

Vote.  -  After  all  calculations  were  completed,  it  was  seen  that  the  values  of  (j  and  /?'  as  given  here 
and  as  used  for  all  the  other  tables  are  about  2%  too  high,  because  the  depolarization  correction  for 
molecular  anistrophy  has  been  taken  to  be  6(1  +  p)/(6— 1 Ip).  This  should  have  been  (6+3p)/(6 — Ip). 


Table  4.  Values  of  F » — Integrated  air  path  (expressed  as  multiple  of  one  standard  atmosphere)  from 
the  top  of  the  atmosphere  to  the  level  of  primary  scattering  and  from  that  level  to  the  observer  at 

p0  =  1013  mb 


\  V 

37° 

o 

o 

CD 

70° 

1 

o 

80° 

o 

CO 

86-5° 

o 

ao 

00 

90° 

2 

1-199 

1-788 

2-505 

3-221 

4-610 

‘7-133 

10-748 

I 5 “032 

28-342 

8 

1  -092 

1-365 

1-699 

2-033 

2-684 

3-882 

5-635 

7-786 

14-859 

14 

1  -037 

1-148 

1-283 

1-418 

1-683 

2-171 

2-887 

3-778 

6-751 

20 

1  -014 

1-056 

1-107 

1-158 

1  -258 

1  -441 

1-713 

2-049 

3-172 

26 

1-006 

1-022 

1-042 

1  -062 

1-101 

1-173 

1-278 

1  -404 

1-813 

32 

1  -002 

1-009 

1-017 

1  -026 

1-042 

1  -072 

1-115 

1-167 

1-337 

38 

1-001 

1-004 

1  -008 

1-011 

1-018 

1-031 

1  -049 

1-071 

1-139 

44 

1  -000 

1  -002 

1-004 

1  -005 

1  -009 

1  -015 

1-023 

1-033 

1-065 

50 

1  -000 

1-001 

1  -002 

1-002 

1-004 

1-007 

1-011 

1  -016 

1-031 

56 

1  -000 

1  -000 

1-001 

1-001 

1  -002 

1  -003 

1  -005 

1-008 

1-015 

62 

1  -000 

1-000 

1-000 

I  -001 

1  -001 

1  -001 

1-002 

1-003 

1-007 

68 

1  -000 

1-000 

1  -000 

1  -000 

1  -000 

1-001 

1-001 

1-001 

1  -003 

74 

1  -000 

1  -000 

1  -000 

1  -000 

1-000 

1  -000 

1  -000 

1-001 

1-001 

80 

1  -000 

I -000 

1  -000 

1  -000 

1  -000 

1  -000 

1  -000 

1  -000 

I  -000 

Fk  =  l  +  (iJ/5J0)[Ch(Z)-l) 

amounts  in  the  slant  path  and  in  the  vertical  path.  In  the  nt\\  and  higher  layers,  part 
of  the  path  is  vertical  and  part  slant. 

9  n 

Y  £  y  fYs'f  yu\ii  ? 

n  1 

9  9 

=  £  yr(Ysr—Yhr)  +  £  yrYhr 

n  1 


—  Yn-\~X. 
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Tables  6  provide  the  values  of  As  —  Ah  for  calculating  Yn  for  the  light  scattered 
from  each  layer  and  for  different  zenith  distances  of  the  sun  ranging  from  37°  to 
90°.  An  example  of  the  calculation  of  Y  is  given  in  Table  8. 

The  intensities  of  the  primary  scattered  light  of  wave-length  A  for  the  nth  layer 
at  the  ground  is  given  by  A /„  =  K.  .  AmnxlO~^F-aY  where  A  is  a  constant 
depending  on  the  value  of  Z,  and  /  the  total  intensity  from  all  the  layers  is  given  by 

10 

/  =  S  AIn  =  K.piL&mnxlQrfiF-Br]' 

l 

The  ratio  of  the  intensities  of  the  primary  scattered  light  of  two  wave-lengths  A 
and  A'  from  the  zenith  sky  is  given  by 

10 

2  [AifiBxlO-^-«y] 

/  p  1 

/'  0'  10 

S  [Am*  x  IQ-fi'F-*'  Y] 

The  values  of  log  A mn  —ft F  for  different  layers  and  different  values  of  Z  required 
in  the  computation  of  log  (I'll)  are  given  in  Tables  5  A,  B,  C,  and  D,  corresponding  to 
different  pairs  of  wave-lengths. 

Forms  I,  II  and  III  are  for  computing  log (I'll)  for  any  assumed  ozone  distri¬ 
bution  and  for  making  changes  in  it  corresponding  to  small  changes  in  the  distri¬ 
bution.  These  are  given  at  the  end  of  Section  3. 

By  the  method  of  successive  approximation,  the  ozone  amounts  in  the  different 
layers  are  so  adjusted  that  the  calculated  values  of  log  {I'll)  agree  with  the  calcu¬ 
lated  values  at  four  or  five  points  of  the  umkehr  curve  within  the  limits  of  experi¬ 
mental  error.  In  practice,  a  constant  is  added  to  the  calculated  value  of  log  (I'll) 
so  that  the  calculated  and  the  observed  values  coincide  at  some  fixed  zenith  distance 
such  as  60',  where  the  intensity  is  determined  mainly  by  the  total  amount  of  ozone 

Table  5A 

Log  A mn  —  pF  0(3054)  =  0-503 


2  \ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

37° 

T-112 

2-894 

2-579 

2-166 

3-744 

3-344 

4-951 

1-597 

1-275 

1-228 

60 

2-816 

2-756 

2-524 

2-145 

3-736 

5-340 

4-950 

1-596 

1-274 

1-228 

70 

2-455 

2-588 

2-456 

2-119 

3-726 

3-336 

4-948 

1-595 

1-274 

1-228 

75 

2-095 

2-420 

2-388 

2-094 

5-716 

5-332 

4-946 

1-594 

1-274 

1-228 

80 

3-396 

2-093 

2-254 

2-043 

3-696 

5-324 

1-943 

1-592 

1-273 

1-228 

84 

4-127 

3-490 

2-009 

3-951 

5-660 

3-309 

4-936 

1-589 

1-271 

1-225 

86-5 

5-309 

1-609 

3-649 

3-814 

3-607 

3-287 

4-927 

1-585 

1-269 

1-225 

88 

5-154 

5-527 

3-201 

3-645 

3-544 

3-261 

1-916 

1-580 

1-267 

1-225 

90 

15-459 

5-969 

5-705 

3-080 

5-338 

3-175 

1-882 

1-564 

1-259 

1-223 
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Table  5 A  (contd.) 

Log  A mn  —p'F  £'( 3253)  =  0-384 


\n 

Z  \ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

37° 

1-255 

I -024 

2-703 

2-287 

5-864 

3-463 

3-071 

4-716 

4-394 

4-346 

60 

1-028 

2-919 

2-660 

2-270 

3-858 

3-461 

3-069 

4-715 

4-394 

4-346 

70 

2-753 

2-791 

2-608 

2-251 

3-850 

5-457 

5-068 

4-714 

4-393 

4-346 

75 

2-478 

2-662 

2-556 

2-231 

3-842 

3-454 

3-067 

4-714 

4-393 

4-346 

80 

3-945 

2-412 

2-455 

2-193 

5-827 

3-448 

5-064 

4-713 

4-392 

4-346 

84 

4-976 

3-952 

2-267 

2-123 

5-800 

3-436 

3  -059 

4-710 

4-391 

4-346 

86-5 

5-588 

3-279 

3-992 

2-018 

3-759 

3-420 

3-052 

4-707 

4-390 

4-346 

88 

7-943 

4-453 

3-650 

3-889 

3-711 

3-400 

3-044 

4-703 

4-388 

4-346 

90 

12-832 

7-737 

4-509 

3-458 

3-554 

3-335 

3-018 

4-691 

4-382 

4-344 

Log  Amn—3F 


Table  5B 

£(3085)  =  0-481 


\  n 

Z  X 

1 

2 

3 

4 

5 

6 

T 

8 

9 

10 

37° 

T-138 

2-918 

2-602 

2-188 

3-766 

3-366 

4-974 

4-619 

4-297 

4-255 

60 

2-855 

2-786 

2-549 

2-168 

3-758 

3-363 

4-972 

4-618 

4-297 

4-255 

70 

2-510 

2-626 

2-484 

2-144 

3-749 

3-359 

4-970 

4-617 

4-296 

4-255 

75 

2-166 

2-465 

2-419 

2-119 

3-739 

3-354 

4-969 

4-617 

4-296 

4-255 

80 

3-498 

2-152 

2-291 

2-071 

3-720 

3-347 

4-965 

4-615 

4-295 

4-253 

84 

4-284 

3-576 

2  -057 

3-983 

3-686 

3-332 

4-959 

4-612 

4-294 

4-253 

86-5 

0-545 

4-733 

3-712 

3-852 

3-635 

3-312 

4-950 

4-608 

4-292 

4-250 

88 

§•485 

5-698 

3-284 

5-690 

3-575 

3-287 

4-940 

4-603 

4-289 

4-250 

90 

T4-082 

§•296 

5-854 

3-150 

3-378 

3-205 

4-907 

4-588 

4-282 

4-248 

Table  5B  (contd.) 

Log  Amn  —ft'F  £'(3291)  =  0-365 


n 

z 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

37° 

I -277 

I  -044 

2-722 

2-306 

3-883 

3-482 

3-090 

4-735 

4-413 

4-369 

60 

T-062 

2-945 

2-682 

2-291 

3-877 

3-480 

3-089 

4-734 

4-413 

4-369 

70 

2-801 

2-823 

2-633 

2-272 

3-870 

3-477 

3-087 

4-734 

4-412 

4-369 

75 

2-539 

2-701 

2-583 

2-253 

3-862 

3-474 

3-086 

4-733 

4-412 

4-369 

80 

2-032 

2-463 

2-487 

2-217 

3-848 

5-468 

3-083 

4-732 

4-412 

4-369 

84 

3-111 

2-026 

2-309 

2-150 

3-822 

3-457 

3-079 

4-730 

4-410 

4-369 

86-, 5 

5-792 

5-386 

2-047 

2-051 

3-784 

3-441 

3-072 

4-727 

4-409 

4-367 

88 

0-228 

4-601 

3-722 

3-928 

3-738 

3-422 

3-064 

4-723 

4-407 

4-367 

90 

- mM* 

IT -370 

0-019 

4-637 

3-518 

3-588 

3-360 

3-039 

4-711 

4-402 

4-362 

687 
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Table  5C 


Log  A mn  — 

,3(3112) 

=  0-464 

X  n 

Z 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

37° 

T-159 

2-936 

2-620 

2-206 

3-783 

5-383 

4-991 

4-636 

5-314 

5-267 

60 

2-885 

2-810 

2-568 

2-186 

5-776 

5-380 

4-989 

4-635 

5-314 

5-267 

70 

2-553 

2-655 

2  -506 

2-162 

5-767 

5-376 

4-987 

4-634 

5-313 

5-267 

75 

2-220 

2-500 

2-443 

2-139 

5-757 

5-372 

4-986 

5-634 

5-313 

5-267 

80 

3-576 

2-198 

2-320 

2-092 

5-739 

5  -365 

4-983 

5-632 

5-312 

5-267 

84 

4-405 

3-642 

2-094 

2-007 

5-706 

5-351 

4-977 

5-629 

5-311 

5-267 

86-5 

6-728 

4-828 

3-761 

3-881 

5-657 

5-331 

4-968 

5-625 

5-309 

5-267 

88 

8-740 

5-830 

3-348 

3-725 

5-599 

5-307 

4-958 

5-621 

5-307 

5-265 

90 

14 -.364 

8-548 

5-969 

5-204 

5  -409 

5-228 

5-927 

5-606 

5-300 

5-265 

v  r  1 

Table  5C  (contd.)  V*/ 

Log  A mn—p'F  /T(3323)  =  0-350 


n 

Z 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

37° 

T-295 

T-061 

2-738 

2-321 

3-898 

3-497 

3-105 

5-750 

5-428 

5-382 

60 

T-089 

2-965 

2-699 

2-306 

3-892 

3-495 

3-104 

5-749 

5-428 

4-382 

70 

2-838 

2-848 

2-652 

2-289 

3-885 

3-492 

3-102 

5-749 

5-427 

4-382 

75 

2-588 

2-731 

2-605 

2-271 

3-878 

3-489 

3-101 

4-748 

5-427 

5-382 

80 

2-101 

2-504 

2-512 

2-236 

3-865 

3-483 

3-099 

5-747 

5-427 

5-382 

84 

3-218 

2-084 

2-341 

2-172 

3-839 

3-473 

3-094 

5-745 

5-426 

4-382 

86-5 

5-953 

3-471 

2-091 

2-076 

3-803 

3-458 

3-088 

5-742 

5-424 

5-382 

88 

6-454 

5-718 

3-779 

3-959 

3-759 

3-440 

3-080 

5-738 

5-422 

5-380 

90 

TT-795 

6-242 

5-738 

3-566 

3-615 

3-380 

3-056 

5-727 

5-417 

5-378 

Table  5D 


Log  A m„- 

w 

(3(3175) 

=  0-425 

n 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

z 

37° 

T  205 

2-979 

2-660 

2-245 

3-822 

3-422 

3-030 

4-675 

5-353 

4-312 

60 

2-955 

2-863 

2-613 

2-227 

3-816 

3-419 

3-028 

5-674 

4-353 

5-312 

70 

2-650 

2-721 

2-556 

2-206 

3-807 

3-416 

3-027 

5-673 

5-352 

5-312 

75 

2-346 

2-579 

2-498 

2-184 

3-799 

3-412 

3-025 

5-673 

5-352 

4-312 

80 

3-756 

2-302 

2-386 

2-141 

3-782 

3-405 

3-022 

5-671 

5-351 

5-310 

84 

5-683 

3-793 

2-178 

2-064 

3-751 

3-392 

3-017 

4-669 

5-350 

5-310 

86  -5 

o-147 

3-048 

3-874 

3-948 

3-707 

3-374 

3-009 

4  -665 

5-348 

5-310 

88 

7  -326 

5-134 

3-495 

3-805 

3-653 

3-352 

3  -000 

5-661 

5-346 

5-310 

90 

13-670 

7-128 

4-232 

3-328 

3-479 

3-280 

5-971 

5-647 

5-340 

5-308 

! 


688 


Vertical  Distribution  of  Ozone  by  Gotz  Umkehr-effect  (Method  jB) 
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Table  5D  (contd.) 

Log  Amn—p'F  /T(3399)  =  0-318 


\  n 

£  \ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

37° 

I -334 

T-096 

2-771 

2-354 

3-930 

3-529 

3-137 

4-782 

4-460 

1-417 

60 

T-146 

T-009 

2-736 

2-340 

3-925 

3-527 

3-136 

4-781 

4-460 

1-417 

70 

2-918 

2-903 

2-693 

2-324 

3-919 

3-525 

3-134 

4-781 

1-459 

1-417 

75 

2-691 

2-797 

2-650 

2-308 

3-912 

3-522 

3-134 

4-780 

4-459 

1-417 

80 

2-249 

2-589 

2-566 

2-276 

3-900 

3-517 

3-131 

4-779 

1-459 

1-417 

84 

3-447 

2-209 

2-411 

2-218 

5-877 

3-507 

5-127 

4-777 

4-458 

1-417 

86-5 

4-297 

3-651 

2-183 

2-131 

3-844 

3-493 

3-121 

4-775 

4-457 

1-415 

88 

6-935 

4-967 

5-900 

2-024 

3-804 

3-477 

3  114 

4-772 

4  -455 

1-415 

90 

TO -702 

6-718 

4-954 

3-667 

5  -673 

3  -423 

3-093 

4-761 

1-450 

1-412 

Table  6.  As  —  Ah  for  different  Z  and  h 


\  U 

Layer(km.)\ 

1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Ozone  amount 

in 

10~3  cm/km  yn 

£  =  37° 

54-48 

1-4 

1-4 

1-5 

1-5 

1-5 

1-5 

1-5 

1-5 

liO 

V  b  = 

48-42 

1-4 

1-5 

1-5 

1-5 

1-5 

1-5 

1-5 

1-0 

— 

y »  = 

42-36 

1-5 

1-5 

1-5 

1-5 

1-5 

1-5 

1-0 

— 

— 

20  = 

36-30 

1-5 

1-5 

1-5 

1-5 

1-5 

1-0 

— 

— 

— 

y  *  = 

30-24 

1-5 

1-5 

1-5 

1-5 

1-0 

— 

— 

— 

— 

2/5  = 

24-18 

1-5 

1-5 

15 

1-0 

— 

— 

— 

— 

— 

2/4  = 

18-12 

1-5 

1-5 

1-0 

— 

— 

— 

— 

— 

— 

2/s  = 

12-  6 

1-5 

1-0 

— 

— 

— 

— 

— 

— 

— 

2/s  = 

6-  0 

1-0 

— 

— 

— 

— 

— 

— 

— 

— 

2/i  = 

O 

O 

<0 

II 

54-48 

5-7 

5-7 

5-7 

5-8 

5  8 

5  9 

5-9 

5-9 

4-0 

2/9  = 

48-42 

5-7 

5-7 

5-8 

5-8 

5-9 

5-9 

5-9 

4-0 

— 

2/8  = 

42-36 

5-7 

5-8 

5-8 

5-9 

5-9 

5-9 

4-0 

— 

— 

2/7  = 

36-30 

5-8 

5-8 

5-9 

5-9 

5-9 

4-0 

— 

— 

— 

2/8  = 

30-24 

5-8 

5-9 

5-9 

5-9 

4-0 

— 

— 

— 

— 

2/5  = 

24-18 

5-9 

5-9 

5-9 

4-0 

— 

— 

— 

— 

— 

2/4  = 

18-12 

5-9 

5-9 

4-0 

— 

— 

— 

— 

— 

— 

2/s  = 

12-  6 

5-9 

40 

— 

— 

— 

— 

— 

— 

— • 

2/s  = 

6-  0 

4-0 

~ 

“ 

2/i  = 

689 
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Table  6  (contd.) 


\n 

Layer  (km. 

1 

-  2 

3 

4 

5 

6 

7 

8 

9 

Ozone  amount 

in 

10~3  cm/km  y„ 

Z  =  70° 

64—48 

10-5 

10-6 

10-7 

10-9 

110 

11  -1 

11-3 

11-4 

7-6 

2/.  = 

48-42 

10-6 

10-7 

10-9 

11-0 

11-1 

11-3 

11-4 

7-6 

— 

y  a  = 

42-36 

10-7 

10-9 

110 

11-1 

11-3 

11-4 

7-6 

— 

— 

2/7  = 

36-30 

10-9 

110 

11-1 

11-3 

11-4 

7-6 

— 

— 

— 

2/e  = 

30-24 

110 

111 

11-3 

11-4 

7-6 

— 

— 

— 

— 

2/5  = 

24-18 

111 

11-3 

11-4 

7-6 

— 

— 

— 

— 

— 

2/4  = 

18-12 

11-3 

11-4 

7-6 

— 

— 

— 

— 

— 

— 

2/s  = 

12-  6 

11-4 

7-6 

— 

— 

— 

— 

— 

— 

— 

y%  = 

6-  0 

7-6 

— 

— 

— 

— 

— 

— 

— 

— 

2/i  = 

Z  =  75° 

54-48 

14-9 

15-2 

15-4 

15-6 

16-0 

16-2 

16-5 

16-8 

11  -4 

2/9  = 

48-42 

15-2 

15-4 

15-6 

160 

16-2 

16-5 

16-8 

11-4 

— 

2/8  = 

42-36 

15-4 

15-6 

16-0 

16-2 

16-5 

16-8 

11-4 

— 

— 

2/7  = 

36-30 

15-6 

16-0 

16-2 

16-5 

16-8 

11-4 

— 

— 

— 

y «  = 

30-24 

160 

16-2 

16-5 

16-8 

11-4 

— 

— 

— 

— 

2/5  = 

24-18 

16-2 

16-5 

16-8 

11-4 

— 

— 

— 

— 

— 

2/4  = 

18-12 

16-5 

16-8 

11-4 

— 

— 

— 

— 

— 

— 

2/ 3  = 

12-  6 

16-8 

11-4 

— 

— 

— 

— 

— 

— 

— 

2/2  = 

6-  0 

11-4 

— 

— 

— 

— 

— 

— 

— 

— 

2/  i  = 

Table  6  (contd.) 


v  n 

Layer  (km.) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Ozone  amount 

in 

10-3  cm/km  yn 

54-48 

22-1 

22-7 

23-4 

24-0 

Z  =  80 

24-8 

O 

25-6 

26-5 

27-3 

18-8 

2/»  = 

48M2 

22-7 

23-4 

24-0 

24-8 

25-6 

26-5 

27-3 

18-8 

— 

2/8  = 

42-36 

23-4 

24-0 

24-8 

25-6 

26-5 

27-3 

18-8 

— 

— 

2/7  = 

36-30 

24-0 

24-8 

25-6 

26-5 

27-3 

18-8 

— 

— 

— 

y«  = 

30-24 

24-8 

25-6 

26-5 

27-3 

18-8 

— 

— 

— 

— 

2/5  = 

24-18 

25-6 

26-5 

27-3 

18-8 

— 

— 

— 

— 

— 

2/4  = 

18-12 

26-5 

27-3 

18-8 

— 

— 

— 

— 

— 

— 

2/s  = 

12-  6 

27-3 

18-8 

— 

— 

— 

— 

— 

— 

— 

2/2  = 

6-  0 

18-8 

— 

— 

— 

— 

— 

— 

— 

— 

2/i  = 

54-48 

31-0 

32-4 

34-0 

35-8 

Z  -  84° 

37-8 

40-2 

43-0 

46-4 

33-2 

2/9  = 

48-42 

32-4 

34-0 

35-8 

37-8 

40-2 

43-0 

46-4 

33, -2 

— 

2/8  = 

42-36 

34-0 

35-8 

37-8 

40-2 

43-0 

46-4 

33-2 

— 

— 

y  7  = 

36-30 

35-8 

37-8 

40-2 

43  0 

46-4 

33-2 

— 

— 

— 

Vi  = 

30-24 

37-8 

40-2 

43-0 

46-4 

33-2 

— 

— 

— 

— 

2/5  = 

24-18 

40-2 

43-0 

46-4 

33-2 

— 

— 

— 

— 

— 

y  i  = 

18-12 

43-0 

46-4 

33-2 

— 

— 

— 

— 

— 

— 

y  a  = 

12-  6 

46-4 

33-2 

— 

— 

— 

— 

— 

— 

— 

2/2  = 

6-  0 

33-2 

— 

— 

— 

— 

— 

— 

— 

— 

y\  = 

690 


Vertical  Distribution  of  Ozone  by  Gotz  Umkehr-effect  (Method  B) 
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Table  6  (contd.) 


n 

Layer(km.) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Ozone  amount 
in 

10~3  cm/km  yn 

Z 

=  86-5° 

54-48 

37 

40 

42 

46 

50 

55 

62 

72 

57 

y  9  = 

48-42 

40 

42 

46 

50 

55 

62 

72 

57 

— 

Vs  = 

42-36 

42 

46 

50 

55 

62 

72 

57 

— 

— 

2/7  = 

36-30 

46 

50 

55 

62 

72 

57 

— 

— 

— 

2/ 6  = 

30-24 

50 

55 

62 

72 

57 

— 

— 

— - 

— 

2/5  = 

24-18 

55 

62 

72 

57 

— 

— 

— 

— 

— 

2/4  = 

18-12 

62 

72 

57 

— 

— 

— 

— 

— 

— 

2/3  = 

12-  6 

72 

57 

— 

— 

— 

— 

— 

— 

— 

2/2  = 

6-  0 

57 

< — 

— 

— 

— 

— 

— 

— 

— 

2/i  = 

Z  =  88° 

54-48 

41 

44 

47 

51 

57 

65 

77 

98 

91 

2/9  = 

48-42 

44 

47 

51 

-57 

65 

77 

98 

91 

— 

2/8  = 

42-36 

47 

51 

57 

65 

77 

98 

91 

— 

— 

2/7  = 

36-30 

51 

57 

65 

77 

98 

91 

— 

— 

— 

2/«  = 

30-24 

57 

65 

77 

98 

91 

— 

— 

— 

— 

2/5  = 

24-18 

65 

77 

98 

91 

— 

— 

— 

— 

— 

2/4  = 

18-12 

77 

98 

91 

— 

— 

— 

— 

— 

— 

2/3  = 

12-  6 

98 

91 

— 

— 

— 

— 

— 

— 

— 

2/2  = 

6-  0 

91 

— 

— 

— 

— 

— 

— 

— 

— 

2/i  = 

and  not  by  its  distribution.  70°,  75°,  80°,  84°,  86  5° ,  88°  and  90°  are  convenient  points 
to  choose  for  fitting  the  curves. 

2.1  Correction  for  Secondary  Scattering 

In  the  above,  account  is  taken  only  of  the  primary  scattered  light  from  the  mole¬ 
cules  of  the  atmosphere.  But  the  air  is  illuminated  not  only  by  direct  sunlight  but 
3 
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also  by  light  scattered  once  or  more  by  the  rest  of  the  atmosphere  and  by  the  ground. 
Neglect  of  the  illumination  of  the  air  column  by  diffused  light  would  be  justified  if 
the  ratio  of  the  intensities  of  the  total  scattered  light  of  two  different  wave-lengths 
(which  is  the  quantity  actually  measured)  gave  with  sufficient  accuracy  the  ratio  of 
the  primary  scattered  light  of  the  same  two  radiations  for  different  zenith  distances 
of  the  sun. 

A  little  consideration  shows  that  this  assumption  is  not  justified.  Of  the  light  of 
two  wave-lengths  under  comparison,  one  is  much  more  absorbed  by  ozone  than  the 
other  and,  consequently,  the  contributions  from  the  different  layers  of  the  atmosphere 
to  the  total  primary  scattered  light  from  the  zenith  are  different,  and  vary  differently 
with  the  zenith  distance  of  the  sun.  The  multiple  scattering  which  is  dependent  on 
the  distribution  in  height  of  the  primary  scattered  light  will  naturally  differ  for  the 
two  wave-lengths. 

Let  P,  P'  be  the  intensities  of  primary  scattered  light  of  the  two  wave-lengths  A, 
A'  from  the  zenith,  and  M,  M'  the  intensities  of  the  multiply  scattered  light. 

The  measurements  with  the  spectrophotometer  give  log  ///'  for  different  solar 
zenith  distances. 

Now 


1  P+M  P[1  +  (.M/P)] 

F  P'+M'  P'[1+(M'/P')] 

We  could  correct  the  ///'  curve  to  give  the  P/P'  curve  if  we  knew  the  values  of  M IP 
and  M'  jP'  for  different  zenith  distances  of  the  sun. 

G.  F.  Walton  (1953)  has  calculated  the  intensities  of  primary  (P)  and  secondary 
(S)  scattered  light  from  the  zenith  sky  for  different  altitudes  of  the  sun.  After  evalu¬ 
ating  S/P  for  appropriate  values  of  a  and  for  a  few  simple  distributions  of  ozone, 
with  total  ozone  amounts  of  0-30  cm  and  u-18  cm,  he  has  calculated  the  corrections 
to  be  applied  to  the  observed  intensity-ratios  to  convert  them  to  what  they  would 
be  if  there  were  only  primary  scattering.  He  found  that  the  corrections  varied  with 
the  zenith  distance  of  the  sun,  but  were  nearly  constant  when  sec  Z  was  between 
5  and  20.  The  effect  of  correcting  for  the  secondary  scattering  was  to  lower  the  C.G. 
of  the  ozone  by  2  to  3  km. 

Ramanathan,  Moorty  and  Kulkarni  (1952)  obtained  similar  results  by  deriv¬ 
ing  umkelir  curves  for  /(31i2)/A3075)  from  observed  umkehr  curves  of  I  m%>.)  and 
/(3075)//(3278).  The  object  of  using  the  derived  curve  was  to  compare  the  intensities 
of  two  wave-lengths  both  of  which  are  pretty  strongly  absorbed  by  ozone;  in  that 
case,  the  assumption  1//'  =  P/P'  would  be  more  nearly  correct.  They  came  to  the 
same  conclusion  as  Walton  viz.,  that  the  effect  of  taking  multiple  scattering  into 
account  was  to  increase  the  ozone  amount  in  the  layers  below  the  maximum  of  ozone 
and  to  reduce  it  at  higher  levels. 

Although  there  are  still  a  few  unsolved  questions  about  the  correction  required 
for  multiple  scattering,  it  is  believed  that  Table  7  provides,  for  different  solar  zenith 
distances,  reasonable  corrections  when  the  ozone  amount  is  between  0T8  cm  and 
0-30  cm. 
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Table  7.  Correction  for  secondary  Scattering  (Provisional).  Amount  to  be  subtracted  from  values  of 

N(Z) — Ar(flO°)  when  observations  are  made  with  0  A  A' 


z 

60° 

“*JT 

o 

o 

75° 

O 

o 

oo 

84° 

86-5° 

o 

00 

00 

90° 

Subtract  to  correct  for 
secondary  scattering 

0*0 

1*0 

2*0 

4*5 

6-0 

6-0 

6-0 

6-0 

Example 

An  example  showing  the  calculation  of  log  (I1 /l)  is  given  below.  It  relates  to  an 
umkehr  curve  obtained  at  Ahmedabad  on  16  November  1956  with  G  pair  of  wave¬ 
lengths.  The  total  ozone  amount  was  0-192  cm.  The  values  of  N  observed  on  light 
scattered  from  the  clear  zenith  sky  are  given  in  Table  9B. 

A  trial  distribution  was  assumed  to  start  with ;  this  was  based  on  a  general  know¬ 
ledge  of  average  distribution  corresponding  to  0-192  cm.  The  values  of  y  (in  10-3 
cm/km)  assumed  to  exist  in  layers  1  to  9,  were 

0,  0*5,  0*5,  5*6,  12-0,  8*0,  3*8,  1*4,  0-3. 

In  Table  8  is  shown  an  example  of  calculating  Y  ®  Yn- \-x,  the  total  ozone  in 
the  path  of  the  light  when  the  zenith  distance  of  the  sun  was  86*5°. 


Table  8.  Example  showing  calculation  of  ozone  path  Y  for  Z  =  86-5°;  x  =  0-192  cm 


Trial  ozone 

distribution 

Vi 

0-0 

Vi 

0-5 

y  3 

0-5 

Vi 

5*5 

y s 
12-0 

y» 

8-0 

Vi 

3-8 

2/s 

1-4 

2/9 

03 

2/ 1  o 

00 

Layer 

1 

2 

3 

4 

6 

6 

7 

8 

9 

10 

9 

•0111 

•0120 

•0126 

•0138 

•0150 

•0165 

•0186 

•0216 

•0171 

•0000 

8 

•0560 

•0588 

•0644 

•0700 

•0770 

•0868 

•1008 

•0798 

•0000 

•0000 

7 

•1596 

•1748 

•1900 

•2090 

•2356 

•2736 

•2166 

•0000 

•0Q00 

•0000 

6 

•3680 

•4000 

•4400 

•4960 

•5760 

•4560 

•0000 

•0000 

•0000 

•0000 

5 

•6000 

•6600 

•7440 

•8640 

•6840 

■0000 

•0000 

•0000 

•0000 

■0000 

4 

•3025 

•3410 

•3960 

•3135 

•0000 

•0000 

•0000 

•0000 

•0000 

•0000 

3 

;0310 

•0360 

•0285 

•0000 

•0000 

•0000 

•0000 

•0000 

•0000 

•0000 

2 

•0360 

•0285 

•0000 

•0000 

•0000 

•0000 

•0000 

•0000 

■0000 

•0000 

1 

•0000 

•0000 

•0000 

•0000 

•0000 

■0000 

•0000 

•0O00 

■0000 

•0000 

Yn 

1  -5642 

1-7111 

1-8755 

1-9663 

1-5876 

0-8329 

0-3360 

01014 

00171 

0-0000 

Y  =  Yn+x 

1-756 

1903 

2-067 

2-158 

1-780 

1-025 

0-528 

0-293 

0-209 

0192 

Similar  calculations  of  Yn  and  Y  are  to  be  made  for  other  values  of  Z. 


Using  these  values  of  Y  and  Form  I,  the  values  of  log  (I'll)  =  —  L  were  com¬ 
puted  for  different  values  of  Z.  An  example  is  shown  for  Z  —  86-5°.  As  we  are 
interested  only  in  the  relative  values  of  L,  or  of  N,  which  is  equal  to  100(L0  —A),  when 
Z  changes,  the  computed  value  of  100  log  (I'll)  at  60°  has  a  correction  added  to  it  so 
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that  it  becomes  identical  with  the  observed  value  of  N  at  60°.  The  same  correction 
term  is  added  to  the  computed  values  for  all  other  angles  also.  We  thus  derive  com¬ 
puted  values  of  N  which  can  be  compared  with  the  observed  values.  A  sample 
calculation  is  shown  below  in  Tables  9A  and  9B  and  Forms  I  and  II. 


Table  9A.  Trial  distribution  and  changes  in  trial  distribution.  The  y's  are  in  units  of  10~s  cm/km. 


Layer 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Total  distribution 

00 

0-5 

0-5 

5-5 

120 

8-0 

3-8 

1-4 

0-3 

Ay(a) 

—0  1 

01 

A  y(b) 

0-5 

0-5 

2-0 

-2-0 

-1-0 

— 0T 

0-1 

A  y(c) 

0-5 

1-5 

1-0 

—2-0 

— 1-0 

—0-1 

0-1 

Final  distribution 

0-5 

2-0 

1-5 

3-5 

11-0 

8-0 

3-7 

1-4 

0-4 

Table  9B.  Observed  and  calculated  values  of  N  for  different  values  of  Z  and  for  various  ozone  distributions 


Z  (degrees) 

60 

70 

75 

80 

84 

86-5 

88 

90 

^xio-7 

1-30 

2-40 

3-16 

4-10 

4-98 

5-60 

6-00 

6-56 

Observed  N 

32  0 

51-0 

67-5 

92-2 

119-3 

126-3 

124-5 

113-0 

N  according  to 

32  0 

52-7 

70-4 

96-5 

120-6 

127-0 

123-2 

108-9 

trial  distribution 

At/(a) 

32-0 

120-7 

127-2 

123-8 

110-3 

A  y[b) 

32  0 

51-8 

69-0 

93-9 

118-3 

127-0 

124-9 

112-2 

At/(c) 

32-0 

51-8 

68-6 

93-5 

117-9 

126-9 

124-7 

112-4 

^  t 

L\  s 

4“  3 

8*2. 

//  *2. 

/Z'O 

13  /?- 

Table  9C. 

Example 

showing  correction 

duo  to  secondary  scattering  and 

its  effect 

Layer 

1 

-2 

3 

4  5 

6 

7 

8 

9 

V  n 

2-0 

2-0 

30 

3-7  10-0 

7-0 

3-2 

0-9 

0-2 

Z  (degrees) 

60 

70 

75 

80 

84 

86-5 

88 

90 

Observed  N 

corrected  for 

Sec.  Scatt. 

32  0 

50-0 

65  -5 

87-7 

113-3 

120-3 

118-5 

107-0 

Calculated  N 

32  0 

51-0 

66-5 

89-0 

111-6 

120-5 

119-2 

106-5 
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Form  I  for  computing  log  (I'll)  for  given  ozone  distribution 


Date:  16.10.56.  Station:  Ahmedabad.  Z  =  86-5°  A/A'  =  G  a  =  1  23  a'  =  0-08  x  —  0-192  cm 


n 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

y  n 

0-0 

0-5 

0-5 

5-5 

12-0 

8-0 

3-8 

1-4 

0-3 

— 

Yn 

X 

Y  =  Yn+x 

1-756 

1-903 

2-087 

2-158 

1-780 

1-025 

0-528 

0-293 

0-209 

0-192 

log  Amn—(iF 

6-728 

4-828 

3-761 

3-881 

3-657 

3-331 

4-968 

4-625 

4-309 

1-267 

a  Y 

2-166 

2-341 

2-543 

2-654 

2-189 

s  i 

C\J  i 

1  ^  1 

0-649 

0-360 

0-257 

0-236 

D 

8-568 

6-487 

5-217 

5-227 

5-468 

4-070 

4-319 

4-265 

4-052 

4-031 

antilog  D 

•03000 

•09003 

■0S016 

•03017 

•03029 

■03118 

•0,208 

tH 

GO 

« 

O 

•0,113 

•0S107 

D  =  log  Amn—pF—ciY.  A /„  =  if/?  antilog  D.  I  =  £A/„  =  Kf)  £  antiiog  D  =  0-0,795  if/?. 


log  Amn  —jj'F 

5-953 

3-471 

2-091 

2-076 

3-803 

3-458 

3-088 

4-742 

4-424 

4-382 

x'Y 

0-140 

0-152 

0-165 

0-173 

0-142 

0  082 

0-042 

0  -023 

0-017 

0-015 

5-813 

3-319 

3-926 

3-903 

3-661 

3-376 

3-046 

4-719 

1-407 

4-367 

antilog  D' 

■02007 

•02208 

O 

GO 

CO  1 

•0a8Q0 

•02458 

•02238 

•0,111 

•02052 

•02026 

•02023 

D'  =  log  A  mn—p'F—a.'Y.  A  /„'  =  if/?'  antilog  /)'.  /'  =  £  AJ„'  =  if/?'  £  antilog  D'  =  0-0277  if/?'. 


log  /  =  4-900+  log  if/?,  log/'  =  2-443+  log  if/?'.  log(/'//)  =  1  -543  — log(/?//?')  =  1.421. 

100  log (/'//)  =  142-1 


The  values  of  A’  calculated  according  to  the  trial  distribution  and  adjusted  so 
that  the  observed  and  calculated  values  coincide  at  GO  .  are  entered  in  row  4  of  Table 
9B.  It  will  be  noticed  that  the  computed  values  are  significantly  lower  at  90°  and 
significantly  higher  at  75°  and  80  .  The  first  defect  can  be  remedied  by  adding  a 
small  amount  of  ozone  at  the  top.  To  remedy  the  second  defect,  some  ozone  has  to 
be  brought  down  from  the  middle  layers  to  the  bottom  layers,  These  changes  in 
distribution  are  made  in  successive  approximation.  Form  II  is  used  for  computing 
changed  log  (I'll). 

Considering  the  scatter  of  values  in  the  observed  umkehr  curve,  it  was  considered 
that  the  values  in  the  last  row  of  Table  9B  were  sufficiently  satisfactory  and  that  the 
distribution  given  in  the  last  row  of  Table  9 A  could  be  accepted  as  the  distribution, 
provided  the.  zenith  skylight  was  assumed  to  he  due  only  to  primary  scattering. 


695 


38 


Ozone 


Form  II  for  computing  log  {I'll)  for  a  changed  initial  distribution. 

Date:  16.10.56.  Station:  Ahmedabad.  Z  =  86-5°  A/A'  =  C  a  =  1-23  a'  =  0-08  x  =  0-192  cm. 


n 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Change  in  yn 

— 

— 

— 

— 

— 

— 

—0-1 

— 

+  0-1 

— 

A  F 

+  0-004 

+  0-004 

+  0-005 

+  0-005 

+  0-006 

+  0-006 

+  0-007 

+  0-006 

0-000 

—0-005 

—0-005 

—0-006 

—0-006 

—0-007 

-0-006 

— 

— 

— 

— 0-001 

—0-001 

—0-001 

—0-001 

—0-001 

0-000 

+  0-007 

+  0-006 

0-000 

D  (from  Form  I) 

6-487 

5-217 

5-227 

5-468 

4-070 

4-319 

4-265 

4-052 

4-031 

aA  F 

—0-001 

—0-001 

—0-001 

-0-001 

—0-001 

0-000 

+  0-009 

+  0-007 

0-000 

D  — a  AY 

6-488 

5-218 

5-228 

5-469 

4-071 

4-319 

4-256 

4-045 

4-031 

antilog  ( D — aAF) 

•03000 

•03003 

•O3OI7 

•O3OI7 

•O3O29 

•O3II8 

•03208 

•O3I8O 

■0,111 

•03197 

I  =  L  A 7„  =  77/3  £  antilog(.D — aAF)  =  0-03790  77/3;  log  7  =  4-898  +  log  77/?. 


D'  (from  Form  1) 

4-719 

a'AF 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

+  0-001 

0-000 

0-000 

7)'—  a'AF 

4-718 

antilog(T)'  — a'AF) 

1 

•02052 

I'  =  £  A7„'  =  77/?'  £  antilog  (7)'  — a' AY)  =  0-0277  77/3';  log  7'  =  2 -443 -flog  77/3'. 


100  log(7'/7)  =  142-3 

The  observed  values  given  in  row  3  of  Table  9B  were  corrected  for  secondary 
scattering  according  to  Table  7.  The  new  distribution  to  fit  the  corrected  observed 
curve  and  the  corresponding  calculated  values  of  N  are  given  in  Table  9C. 

The  following  hints  may  be  of  some  help  in  making  the  cnanges  in  distribution. 

(1)  With  an  assumed  trial  distribution,  calculate  log (/'//)  at  Z  =  60°.  Add  an 
appropriate  constant  to  this  so  as  to  make  it  equal  to  the  observed  value  of  Nj  100  at 
60°. 

(2)  Calculate  \og(I'II)  for  90°  and  88°,  and  apply  the  same  correction.  If  the 
calculated  value  is  too  high,  remove  a  little  ozone  from  the  top  layer  to  layer  6  or  7. 
If  it  is  too  low,  add  some  ozone  to  the  top.  A  small  change  at  the  top  will  make  a 
large  difference  in  A(90o)  and  A(88°).  Get  agreement  at  88°  and  90°  to  within  2 
units  of  N. 
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(3)  Calculate  log(/'/7)  for  86-5°,  84°  and  75°,  and  add  the  same  correction  to 
each.  Adjust  ozone  in  the  middle  and  lower  layers  so  as  to  get  satisfactory  agreement 
at  all  the  points. 


3  Supplementary  Tables  for  Use  at  Stations  situated  at  about 
912-mb  Level  and  and  at  810-mb  Level 

The  main  modifications  in  the  tables  for  a  station  at  0-9p0  (=912  mb)  and  at 
0-8p0  (=810  mb)  are  given  below.  It  is  assumed  that  the  values  of  h  in  both  these 
cases  may  be  taken  to  be  3  km  instead  of  2  km.  This  is  sufficiently  accurate  for  the 
present  purpose.  The  air  mass  in  the  first  layer  (ground  to  6  km)  should  be  changed 
as  given  in  Table  2X. 

If  the  pressure  at  the  station-level  is  Jcp0,  the  value  of  F  is  given  by 

F  =  k+(pjp0)  x[Ch(Z)  — 1], 

The  first  row  of  Table  4  for  Fh  corresponding  to  the  lowest  layer  is  changed  as  shown 
in  Table  4X.  The  values  of  Fh  in  all  the  other  rows  are  decreased  by  0 TOO  when  the 
station  is  at  or  near  912  mb,  and  by  0-200  when  it  is  at  or  near  810  mb. 

For  stations  at  or  near  912  mb  and  810  mb  respectively,  the  values  of  log  A mn 
—fiF  in  the  second  column  of  tables  5 A  to  5D  (corresponding  to  the  lowest  layer) 
require  the  changes  given  in  Tables  5A(X)  to  5D(X).  For  stations  up  to  a  height  of 
2-5  km,  the  tables  for  the  nearest  pressure-level  may  be  used  without  appreciable 
error. 

For  the  succeeding  layers  2,  3,  4,  etc.,  the  values  of  log  A mn—j3F  tabulated  in 
Tables  5A  to  5D  should  be  increased  by  (1  —  &)/3  for  a  station  at  pressure -level  Jcp0. 
Thus,  for  a  station  at  912-mb  level,  all  the  values  in  the  third  column  of  Table  5A 
should  be  increased  by  0  TOO/?,  and  for  a  station  at  the  810-mb  level,  by  0-200/3.  An 
example  is  given  in  Table  5A(Y)  for  the  second  and  third  layers. 

The  values  of  As  —  A h  in  the  second  column  of  Table  6  corresponding  to  the  first 
layer  requires  a  small  and  rather  insignificant  change,  due  to  the  raising  of  the  centre 
of  the  layer  from  2  to  3  km.  These  changes  for  each  value  of  Z  fire  tabulated  in 
Table  6X. 

It  is  recommended  that  each  station  should  modify  tables  for  regular  use  at  the 
station. 


Table  2X 


Vo 

log  4m„ 

1013  mb 

T-715 

912  mb 

I -622 

810  mb 

T-503 

The  Am  a  in  the  other  layers  remain  the 
same  as  in  Table  2. 
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Table  4X 


\Z 

37° 

60° 

O 

O 

I> 

75° 

80° 

o 

GO 

86-5° 

O 

CO 

QO 

90° 

Po  mb 

7i\ 

1013 

2 

1199 

1-788 

2-505 

3-221 

4-610 

7-133 

10-748 

15-032 

28-342 

912 

3 

1076 

1-697 

2-232 

2-866 

4  -095 

6-329 

9-529 

13-320 

25-101 

810 

3 

0-976 

1-497 

2-132 

2-766 

3-995 

6-229 

9-429 

13-220 

25-001 

Table  6A(X).  Log'  Am„  — f)F  for  the  lowest  layer 


Z 

A  =  3054 

A'  -  3253 

1013  mb 

912  mb 

810  mb 

1013  mb 

912  mb 

810  mb 

37° 

T-112 

T-081 

T-012 

1-255 

I  -200 

T-12S 

60 

2-816 

2-819 

2-750 

T-028 

T-009 

2-928 

70 

2-455 

2-499 

2-431 

2-753 

2 -765 

2-684 

75 

2-095 

2-180 

2-112 

2-478 

2-521 

2-441 

80 

3-396 

3-562 

3-494 

3-945 

2-050 

3-969 

84 

1-127 

5-439 

5-370 

4-976 

3-192 

3-111 

86  -5 

3-309 

6-829 

8-760 

5-588 

5-963 

5-882 

88 

8-154 

8-922 

8-853 

7  943 

8-507 

5-427 

90 

I B  459 

11  -996 

T4-927 

12-832 

II -983 

IT -903 

Table  5B(.Y)  Log  Am„  —fit'  for  tLe  lowest  layer 


7 

A  =  3085 

A'  =■-  3291 

1013  mb 

912  mb 

810  mb 

1013  mb 

912  mb 

810  mb 

37° 

1-138 

1-104 

1-034 

T-277 

I  229 

I -147 

60 

2-855 

2-854 

£  783 

T-062 

1-039 

2  -957 

70 

2-510 

2  -548 

2-478 

2-801 

2-807 

2-725 

75 

2-166 

2  243 

2-173 

2-53S 

*57  G 

2  -493 

80 

3-498 

3-652 

3-581 

2-032 

2-127 

2-045 

84 

4-284 

5-578 

4  -507 

3-111 

3-312 

3-229 

86-5 

8  -545 

5  -039 

6-968 

5-792 

4-344 

4-061 

88 

8  -485 

7-215 

7-144 

6-228 

6-760 

5-678 

90 

15-082 

i 

>“4 

I  GOj 

Cl 

!  !*- 

i  oc 

T3  -478 

TT-370 

10-460 

FO-378 

698 
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Table  5C(X).  Log  Am„  —(IF  for  the  lowest  layer 


z 

A  =  3112 

A'  =  3323 

1013  mb 

912  mb 

810  mb 

1013  mb 

912  mb 

810  mb 

37° 

T-159 

1-123 

1-050 

T-295 

T-245 

T-161 

60 

2-885 

2-881 

2-808 

I -089 

T-063 

2-979 

70 

2-553 

2-586 

2-514 

2-838 

2-841 

2-757 

75 

2-220 

2-292 

2-220 

2-588 

2-619 

2-535 

80 

3-576 

3-722 

3-649 

2-101 

2-189 

2-105 

84 

4-405 

4-685 

4-613 

3-218 

3-407 

3-323 

86-5 

6-728 

5-201 

5-128 

5-953 

4-287 

4  -203 

88 

8-740 

7-442 

7-369 

6-454 

5-960 

5-876 

90 

T4-564 

13-975 

13-903 

TT-795 

TO -837 

10-753 

Table  6D(X).  Log  A m„—(3F  for  the  lowest  layer 


A  =  3175 

A'  =  3399 

1013  mb 

912  mb 

810  mb 

1013  mb 

912  mb 

810  mb 

37° 

T  -205 

T-165 

T-088 

I -334 

T  -280 

T-193 

60 

2-955 

2-943 

2-867 

T-146 

1-114 

T-027 

70 

2-650 

2-673 

2  -597 

2-918 

2-912 

2-825 

75 

2-346 

2-404 

2-327 

2-691 

2-711 

2-623 

80 

3-756 

3-882 

3-805 

2-249 

2-320 

2-233 

84 

4-683 

4-932 

4-856 

3-447 

3-609 

3-522 

86-5 

5-147 

5-572 

5-496 

4-297 

4-592 

4-505 

88 

7-326 

7-961 

7-884 

5-935 

5-386 

5-299 

90 

15-670 

T2-954 

T2-878 

TO -702 

0-640 

0-553 

Table  5A(Y).  Log  A mn—pF  for  second  and  higher  layers  for  a  station  at  810  mb 


A  =  3054  0-200/3  =  0-101 

A'  =  3253  0-200/?'  = 

0-077 

Z  -  .n 

2 

3  etc.  ... 

2 

3 

etc.  ... 

37° 

2-995 

2-680 

T-101 

2-780 

60 

2-857 

2-625 

2-996 

2-737 

70 

2-689 

2-557 

2-868 

2-685 

75 

2-521 

2-489 

2-739 

2-633 

80 

2-194 

2-355 

2-489 

2-532 

84 

3-591 

2-110 

2-029 

2-344 

86-5 

4-710 

3-750 

3-356 

2-0o9 

88 

5-628 

3-302 

4-530 

3-727 

90 

8-070 

5-806 

7-814 

4-586 

699 
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Table  6X.  A  a  —  A  h  for  the  first  layer  when  the  centre  is  at  3  km 


Layer(km)\ 

CO 

-3 

O 

o 

CO 

-3 

o 

o 

75° 

O 

O 

00 

84q 

86-5° 

O 

00 

00 

90° 

54-48 

1-4 

5-7 

10-5 

14-9 

22-1 

31-1 

37 

42 

43 

48-42 

1-4 

5-7 

10-6 

15-2 

22-7 

32-6 

40 

45 

47 

42-36 

1-4 

5-8 

10-7 

15-4 

23-4 

34-2 

43 

48 

51 

36-30 

1-4 

5-8 

10-9 

15-7 

24-2 

361 

46 

52 

56 

30-24 

1-5 

5-8 

110 

160 

24-9 

38-2 

51 

58 

63 

24-18 

1-5 

5-9 

11-1 

16-3 

25-8 

40-6 

56 

67 

74 

18-12 

1-5 

5-9 

11-3 

16-5 

26-6 

43-6 

63 

79 

93 

12-  6 

1-5 

5-9 

11-5 

16-9 

27-5 

47-0 

75 

103 

137 

6-  0 

0-8 

3  0 

6-7 

8-5 

141 

25-1 

43 

71 

193 

Form  I  for  computing  log  ( I'jl )  for  given  ozone  distribution. 


Date : 

Station : 

2  = 

A/A'  ™  a 

a '  = 

x  =  0. 

cm 

n 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

y  n 

Yn 

X 

Y  =  Yn+x 

log  A mn—pF 

a  Y 

D 

antilog  D 

D  =  log  Am, — pF — txY . 

A In  =  Kp  antilog  D. 

I  =  EA In  s=  Kp  E  antjlog  /)  = 

Kp. 

log  A mn—p'F 

<x'Y 

D' 

antilog  D' 

D’  =  log  tvmn—pF — a 'Y. 

I'  = 

E  Mn'  = 

=  Kp'  E  antilog  D 

_ 

w- 

A =  Kp'  antilog  D'. 


log  I  =  +log  Kp.  log (/'//)  **  -log (pip')  == 

log/' =  +log  Kp’. 

100  logd'II)  = 
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Form  II  for  computing  log  (I'll)  for  a  changed  initial  distribution. 

Date:  Station:  Z  =  A/A'  =  a  =  a'  =  x  =  0.  cm 


n 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Change  in  yn 

AF 

D  (from  Form  I) 

ctAF 

D—aAF 

antilog  ( D  —a  A  F) 

I  =  E  A/„  «  /C/3S  antilog(D-aAF)  =  Kp;  log  7  =  -flog 


D'  (from  Form  I) 

a'AF 

D'—  a'AF 

antilog(Z)'  —a'  A  F) 

I'  =  2  A/n'  =  if/?'  2  antilog  (£>'— a'AF)  =  Kp';  log/'  =  -flogK/F. 


100  log(/'//)  = 
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Form  III 

Station :  Date : 

x  =  0  cm  A/A'  = 

Trial  Distributions 


Layer 

1  2  3 

4  5  6 

7  8  9 

Trial  Distn.  y 

Ay(a) 

A  y(b) 

A  y(c) 

A  y(d) 

A  y(e) 

Final  Distn. 

Observed  and  Calculated  N 


Z  (degrees) 

'  Z *  X  10-» 

60  70  75 

1-30  2-40  3-16 

80  84  86-5 

4-10  4-98  5-60 

88  90 

6-00  6-56 

Observed  N 

Calculated  N  Trial  distn. 

Ditto  At /(a) 

Ditto  Ay(b) 

Ditto  A y(c) 

Ditto  A y(d) 

Ditto  A y(e) 
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Abstract 

A  new  ozone  station  was  established  in  Kashmir  (34°N)  in  1955  in 
a  region  where  double  tropopauses  are  frequent  in  winter  and  spring. 
In  this  paper,  a  comparison  is  made  of  the  ozone  amounts  measured 
at  Delhi  (28X/2°N)  and  Srinagar  (34°N)  in  India  and  at  Tateno  (36°N) 
in  Japan  in  1957-58.  The  ozone  amounts  at  Tateno  are  much  larger 
than  at  Srinagar  although  the  latitude  of  Tateno  is  only  2°  greater 
than  that  of  Srinagar.  It  is  recalled  that  at  Zi-Ka-Wei  and  Cairo, 
which  are  at  lower  latitndes  than  Srinagar,  significantly  higher  ozone 
values  had  been  recorded  in  winter.  It  is  thus  evident  that  there  is 
a  large  geographical  influence  on  the  total  ozone  amount  measured  at 
a  place.  Apparently,  the  Himalayas  and  the  Indian  summer  monsoon 
exert  a  strong  depressing  influence  on  the  ozone  amount  south  of  the 
Himalayas  and  incursions  of  the  cold  Siberian  anti-cyclone  tend  to 
bring  with  it  larger  amounts  of  ozone  over  China  and  Japan. 

The  seasonal  variation  of  ozone  over  N.  India  was  of  an  unusual 
character  in  1957. 


A  summary  of  the  results  of  the  ozone  measurements  made  in  India  prior  to 
1954  was  given  by  Ramanathan  (1954)  at  the  Rome  Meeting  of  the  International 
Association  of  Meteorology.  The  day-to-day  variations  of  ozone  are  small  during 
most  of  the  year  and  surface  weather  conditions  do  not  seem  to  affect  them.  In 
December  to  April,  however,  there  are  significant  variations  of  ozone  over  Mt.  Abu 
and  New  Delhi,  this  being  the  period  when  active  western  disturbances  move  across 
N.  India. 

The  transition  from  the  autumn  minimum  of  ozone  to  the  comparatively  high 
values  in  winter  and  spring  takes  place  in  a  succession  of  surges,  the  first  surge 
approximately  coinciding  with  the  onset  of  strong  upper  westerlies  over  N.  India. 
Some  pronounced  surges  are  associated  with  the  passage  of  deep  troughs  of  low 
pressure  at  6  and  9  km.  The  rise  of  ozone  during  a  surge  takes  place  when  north¬ 
westerly  winds  are  replacing  the  southwesterlies,  but  once  the  northwesterlies  get 
settled,  the  ozone  amount  begins  to  fall.  However,  ozone  fluctuations  could  not  be 

*  Paper  presented  at  the  International  Ozone  Symposium  at  Oxford  in  July  1959 
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explained  in  terms  of  shifts  in  wind  direction  at  pilot  balloon  levels.  Middle  latitude 
variations  of  ozone  associated  with  waves  in  the  upper  atmosphere  are  observable 
even  at  latitudes  down  to  20°N  in  winter  and  spring. 

The  association  of  ozone  changes  with  western  disturbances  was  confirmed  from 
later  observations  made  at  Delhi,  Mt.  Abu  and  Quetta. 

Since  1955,  observations  on  the  total  amount  of  ozone  and  its  vertical  distribu¬ 
tion  have  been  made  at  Srinagar  (34°N)  at  a  latitude  where  double  tropopauses  are 
frequent.  An  ozone  observing  station  was  established  at  Srinagar  in  May  1955  by 
transferring  a  Dobson’s  spectrophotometer  there.  The  optical  wedges  of  the 
spectrophotometer  were  recalibrated  and  the  constants  determined.  Frequent  checks 
of  calibration  were  made  in  the  subsequent  period.  The  present  paper  contains  a 
summary  of  the  results  of  the  ozone  observations  so  far  analysed.  It  was  decided 
to  use  the  afternoon  ozone  amounts  observed  on  the  wavelength  pair  3114/3324  (CC') 
for  the  present  study.  The  ozone  values  were  calculated  and  corrected  for  haze  in 
the  manner  suggested  by  Ramanathan  and  Karandikar  (1949) .  All  the  ozone  values 
have  been  converted  to  Vigroux’s  level  of  ozone  absorption  coefficient  a  for  uni¬ 
formity. 

1.  Day-to-day  variation  of  ozone 

In  Fig.  1  the  daily  ozone  values  over  three  Indian  stations,  Mt.  Abu  (24°N), 
New  Delhi  (28‘/2°N)  and  Srinagar  (34°N)  for  the  year  1957-58  are  given.  The  daily 
ozone  amounts  over  Tateno  (36°N)  (1957-58)  in  Japan  have  also  been  included  in  the 
diagram. 


daily  ozone  at  tateno  (36 n)  srinagar (34  n), new  Delhi  (28^  n)& abu  (24n) 

1  i  t\_i  uiror.  \ 


4  00 


300 


2  00 


1957 


200 


400 


300 


1957 


400 


200 


300 


Fig.  1-a.  Daily  ozone  values  over  three  Indian  stations,  1957. 
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DAILY  OZONE  AT  TAT  EN  O  (3  £  N),S  R I N AGAR (3 EW  DELHI  (28^N)8  MT.ABU(24°N) 


Fig.  1-b.  Daily  ozone  values  over  three  Indian  stations,  1958. 


A  striking  feature  of  this  diagram  is  that  although  the  latitude  of  Tateno  differs 
only  by  2°  from  that  of  Srinagar,  the  ozone  values  over  Tateno  are  much  higher 
than  those  over  Srinagar  in  the  winter  and  spring  months.  The  fluctuations  in  the 
ozone  content  over  Tateno  are  also  markedly  larger  than  those  over  Srinagar.  In 
August  to  October,  however,  the  ozone  content  over  Tateno  is  only  a  little  larger 
than  that  over  the  north  Indian  stations.  The  Tateno  ozone  starts  separating  from 
the  Indian  values  in  December  and  the  difference  increases  rapidly. 


2.  Seasonal  variation  of  ozone 

Fig.  2  gives  the  ten-day  mean  ozone  values  at  Tateno,  Srinagar,  New  Delhi  and 
Mt.  Abu  from  July  1955  to  December  1958. 

(1)  In  general,  the  seasonal  variation  conforms  to  the  normal  variation  appro¬ 
priate  to  middle  latitudes  with  maxima  in  winter  and  spring  and  minima  in  summer 

TEN-DAY  MEAN  OZONE  VALUES  AT  TATE  NO ,  SRINAGAR  .  NEW  DELHI  AND  ABU.  IV5S-I95B. 
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and  autumn. 

(2)  The  Tateno  ozone  values  are  markedly  higher  than  those  at  Srinagar  or 
Delhi  in  winter  months.  In  the  months  August  to  November  the  difference  between 
the  Tateno  values  and  the  Srinagar  values  is  small. 

(3)  The  seasonal  variations  of  ozone  over  Srinagar  and  Dehli  in  1957  were 
different  from  the  variations  in  the  previous  two  years  in  that  the  ozone  amount 
did  not  reach  the  expected  low  values  in  July-October  and  the  ozone  amount 
remained  high  throughout  the  year.  This  is  an  unusual  feature  and  requires  further 
study  by  comparison  with  the  data  of  other  stations. 

Fig.  3  gives  the  seasonal  variation  of  ozone  at  stations  in  different  latitudes  in 
the  northern  hemisphere.  The  data  have  been  grouped  into  two  parts.  Fig.  3  (a) 
relates  to  stations  in  Europe  and  Africa,  and  Fig.  3(b)  to  the  Asiatic  stations.  The 
monthly  mean  values  for  Tromso,  Dombas,  Arosa  and  Zi-Ka-Wei  are  based  on  9-10 
years  of  observation,  and  the  values  at  Srinagar,  Delhi,  Mt.  Abu  and  Kodaikanal 
are  based  on  three  years  of  observation.  The  observations  over  Kodaikanal  include 
those  taken  during  the  period  of  Dobson’s  (1930)  World  Survey  with  the  photographic 
photometer  and  those  taken  by  Karandikar  (1952)  in  1948-49. 

The  interesting  feature  of  the  diagram  is  that  all  Indian  stations  including 
Srinagar  stand  in  a  class  apart,  the  ozone  amounts  in  India  being  the  smallest. 


MEAN  MONTHLY  OZONE  AMOUNTS 

(with  vigroux S  ol ) 


Fig.  3.  Seasonal  variations  of  ozone. 


707 


1959 


Comparison  of  Ozone  Amounts  Measured  in  1957-58 


89 


The  Tateno  and  the  Egyptian  values,  although  the  stations  are  nearly  in  the 
same  latitude  as  Srinagar  and  Delhi,  keep  in  step  with  those  oyer  stations  in  higher 
latitudes.  The  seasonal  variation  at  Srinagar  is  more  nearly  in  line  with  that  at 
Delhi. 

Other  points  of  interest  are  the  following  : 

(1)  In  Srinagar  and  Delhi,  maximum  ozone  occurs  in  January  and  February, 
whereas  in  Abu  it  is  shifted  to  May  and  June.  In  Kodaikanal,  the  maximum  occurs 
in  July-August. 

(2)  By  the  end  of  December  the  ozone  values  start  increasing  at  Delhi  but  at 
Mt.  Abu  the  rise  begins  only  in  the  second  half  of  January.  In  Srinagar  the  rise 
of  ozone  takes  place  even  earlier  than  in  Delhi.  There  are,  however,  significant 
differences  from  year  to  year. 


3.  Discussion 

Gotz(1950),  Langlo(1952)  and  Ramanathan  (1954) ,  while  discussing  the  latitudinal 
distribution  of  ozone,  made  pointed  reference  to  the  fact  that  the  distribution  of  ozone 
was  not  entirely  latitudinal  but  also  depended  on  the  geographical  situation  of  the 
place.  A  comparison  of  the  day-to-day  and  seasonal  variations  of  ozone  over  Tateno 
with  those  over  Srinagar  and  New  Delhi  shows  clearly  that  the  distribution  of 
ozone  is  affected  by  geographical  factors.  The  data  collected  during  the  I.  G.  Y. 
will  undoubtedly  help  to  understand  more  clearly  the  features  of  the  geographical 
distribution.  The  Indian  observations  show  that  the  monsoon  region  is  one  of 
small  ozone  amounts. 

It  will  be  seen  from  Fig.  3  that  there  is  a  tendency  for  the  ozone  amounts  in 
Delhi  and  Srinagar  to  increase  in  January  and  February  in  step  with  the  stations 
of  higher  latitudes.  The  rate  of  change  of  ozone  over  any  station  at  a  definite 
time  will  depend  on  the  rate  at  which  the  ozone  content  is  increased  by  the  down- 
word  flux  of  air  from  levels  of  increasing  ozone  mixing  ratio,  and  the  rate  at  which 
ozone  is  decomposed  by  the  photochemical  action  of  sunlight  or  chemical  action. 
The  decrease  of  ozone  over  Delhi  and  Srinagar  after  March  must  be  due  to  the 
fact  that  the  subtropical  jet  stream  becomes  weaker  and  the  downward  and  advective 
transport  of  air  from  the  stratosphere  of  middle  latitudes  is  weakened. 

Taking  into  consideration  the  geographical  position  of  the  two  stations  Srinagar 
and  Tateno  with  respect  to  the  Himalayas  and  Tibet,  we  are  led  to  think  that  the 
Asiatic  highlands  play  an  important  role  in  the  distribution  of  ozone  on  either  side 
of  it.  It  is  reasonable  to  expect  that  on  the  south-western  side  of  the  high  mountains 
over  Srinagar,  the  ozone  in  the  upper  part  of  the  troposphere  would  be  more  subject 
to  destruction  by  chemical  and  photochemical  action  by  contact  with  water  vapour 
and  other  materials  carried  from  below.  Over  Tateno,  cold  waves  from  Siberia 
may  be  expected  to  bring  ozone-rich  air  during  winter  and  spring.  Fig.  4  shows 
the  ozone  content  of  successive  6-km  layers  of  the  atmosphere  as  a  function  of  the 
changes  in  the  total  amount  of  ozone  over  Mt.  Abu,  Srinagar  and  Tateno*. 


*  A  fuller  discussion  of  the  vertical  distribution  of  ozone  will  appear  elsewhere. 
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VERTICAL  DISTRIBUTIONS  OF.  OZONE  FOR  DIFFERENT  OZONE 
AMOUNTS  AT  ABU,  SRINAGAR  AND  TATENO 
(with  CHOONGi's  ) 


This  diagram  has  been  ob¬ 
tained  from  the  vertical  distri¬ 
butions  of  ozone  calculated  from 
umkehr  observations  on  the 
zenith  blue  sky.  It  can  be  seen 
from  the  figure  that  while  over 
Tateno,  the  changes  in  ozone 
take  place  throughout  the  6-30 
km  region,  over  Srinagar  they 
take  place  in  the  region  18-30 
km  and  6-12  km,  and  over  Abu, 
they  occur  mainly  in  18-30  km*. 

4.  Ozone  and  weather 

In  India,  due  to  the  fact 
that  the  changes  in  ozone  are 
small  and  that  there  is  a  pauci¬ 
ty  of  temperature  and  wind 
data  at  stratospheric  levels,  it 
is  difficult  to  analyse  ozone- 
weather  relationships  in  detail. 

Fig.  5  gives  (1)  the  Tateno 
ozone  values  in  March  to  April 
1958  plotted  along  with  the 
inverse  tropopause  heights  and 
500  mb  temperature  and  (2)  the 
Delhi  ozone  values  of  the  same 
period  plotted  along  with  300 
and  500  mb  temperatures.  It  will  be  seen  that  over  Tateno,  there  is  a  convincing 
correlation  between  the  height  of  the  tropopause,  the  ozone  amount  and  the  500  mb 
temperature  as  in  Europe.  But  over  Delhi,  there  is  only  a  weak  correlrtion. 


Fig.  4.  Vertical  distribution  of  ozone  for  different 
ozone  amounts. 


TATENO  OZONE  ,  INVERSE  TROPOPAUSE  LEVEL  I  SOOMB  TEWP.  DELHI  OZ  ONE  ,  300  MB  TEMP.  AND  SOO  MB  T EMP, 


709 


1959 


Comparison  of  Ozone  Amounts  Measured  in  1957-58 


91 


Fig.  6  is  a  dot  diagram  of  the  total  ozone  amount  over  Tateno  plotted  against 
temperatures  at  300,  200  and  100  mb  levels  during  the  periods  (1)  November-February, 
(2)  March-June  and  (3)  July-October  for  the  years  1955,  1956  and  1957. 


TATENO  (36  N) 


PLOTS  OF  OZONE  AMOUNTS  AGAINST  TEMPERATURES  AT  300  200  AND  IOOMB  LEVELS 

(I9S5-57) 

NOV-  FEB  MAR-JUN  JUL-  OCT 


TEMPERATURE 

Fig.  6.  Total  ozone  amount  over  Tateno. 


Both  in  November-February  and  in  March-June,  at  the  100  mb  level  the  temper¬ 
ature  increases  with  the  increase  in  ozone  amount,  while  at  300  mb,  the  temperature 
decreases  with  iAmease  in  ozone.  Over  Tateno,  the  100  mb  level  would  be  in  the 
lower  stratosphere  in  winter  and  spring,  and  subsidence  at  and  above  that  level 
would  be  accompanied  by  an  increase  in  temperature  and  an  increase  in  ozone 
amount.  This  correlation  does  not  exsit  in  the  months  July  to  October  when  the 
tropopause  is  of  the  tropical  type.  It  may  be  noted  that  the  highest  ozone  amounts 
occur  in  March-April  together  with  the  highest  100  mb  temperatures.  Please  see 
the  rectangular  areas  marked  in  the  middle  column. 
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Mean  meridional  distributions  of  ozone  in  different  seasons  calculated 
from  umkehr  observations  and  probable  vertical  transport  mechanisms* 
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(Manuscript  received  21  September  1959;  in  revised  form  22  December  1959) 


Summary 

The  paper  contains  a  study  of  the  mean  meridional  distributions  of  ozone  in  different  seasons.  The 
vertical  distributions  of  ozone  at  a  number  of  stations  at  different  latitudes  in  the  Northern  Hemisphere 
were  worked  out  from  the  intensities  of  light  scattered  from  the  zenith  sky  on  individual  clear  days  using 
method  B,  i.e.,  the  method  of  curve  fitting,  with  suitable  correction  for  secondary  scattering.  Diagrams  of 
vertical  distribution  corresponding  (1)  to  high  ozone  amounts  (frequent  in  winter  and  spring)  and  (2)  to 
low  ozone  amounts  (frequent  in  summer  and  autumn)  are  shown.  Mean  distribution  diagrams  are  also 
given  for  the  months  of  March,  July  and  November.  An  important  feature  of  the  distribution  is  the  strong 
increase  in  ozone  amount  in  March  below  18  km  when  the  latitude  increases  beyond  30°.  The  results  are 
discussed  in  relation  to  the  idea  of  a  poleward  flow  of  air  from  the  lower  stratosphere  and  the  neighbourhood 
of  the  equatorial  tropopause,  as  suggested  by  Dobson  and  Brewer  from  frost-point  measurements  over  the 
United  Kingdom.  The  existence  of  a  stratospheric  warm  air  pool  over  the  middle  latitude  in  winter  and 
spring  as  revealed  by  sounding-balloon  ascents  is  confirmatory  evidence  of  this.  The  influence  of  the  pool  of 
cold  air  which  exists  in  winter  above  20  km  in  the  stratosphere  of  the  dark  polar  night  is  also  considered. 
It  is  suggested  that  in  winter  and  spring  there  is  an  ozone- regenerating  cycle  due  to  meridional  circulation 
in  the  stratosphere  of  tropical  and  middle  latitudes,  which  carries  air  from  the  lower  equatorial  stratosphere 
to  lower  levels  in  the  stratosphere  of  middle  latitudes  and  puts  back  some  of  this  accumulated  air  to  higher 
levels  in  the  equatorial  stratosphere  above  25  km.  The  more  vigorous  this  circulation,  the  greater  will  be  the 
rate  of  ozone  storage  in  the  lower  stratosphere  of  extra-tropical  latitudes. 


1.  Introduction 

In  a  paper  by  Kulkarni,  Angreji  and  Ramanathan  (1959)  on  measurements  of  atmos¬ 
pheric  ozone  in  Kashmir,  the  data  of  vertical  distributions  calculated  from  observations 
on  the  umkehr  effect,  dividing  the  atmosphere  into  6  km  layers  and  allowing  for  secondary 
scattering,  have  been  given.  In  this  paper,  the  study  is  extended  to  higher  latitudes,  using 
umkehr  data  of  individual  days  with  varying  amounts  of  ozone,  from  Tateno  in  Japan, 
from  Arosa  and  Tromso  in  Europe,  and  Alaska  in  North  America.  The  data  of  all  these 
stations  together  with  those  of  Indian  stations  are  integrated  to  give  pictures  of  the  mean 
vertical  meridional  distributions  of  ozone  in  March,  July  and  November.  March  and 
November  are  the  months  when  the  total  ozone  amount  is  maximum  and  minimum 
respectively  in  the  Northern  Hemisphere.  In  the  light  of  these  distributions,  a  stratos¬ 
pheric  circulation  which  can  lead  to  the  annual  regeneration  of  ozone  in  the  stratosphere 
and  its  destruction  in  the  troposphere  is  suggested. 

Note  :  All  ozone  amounts  in  this  paper  are  expressed  in  terms  of  Nye  and  Choong’s  values  of  ozone 
absorption  coefficients.  To  express  them  in  terms  of  Vigroux’s  coefficients  of  absorption,  they 
should  by  multiplied  by  T33. 

2.  Vertical  ozone  distribution  data  from  Indian  stations 

Vertical  distributions  of  ozone  by  the  umkehr  method  are  available  from  observations 
over  Kodaikanal,  Poona,  Abu  and  Delhi  (Karandikar  1952 ;  Ramanathan  and  Kulkarni  1953 ; 
Degaonkar  1955).  In  particular,  a  large  number  of  observations  have  been  made  over  Abu, 
many  of  them  on  a  series  of  consecutive  days.  The  analysis  of  these  observations  has 
shown  that  as  the  ozone  amount  increases,  most  of  the  increase  takes  place  in  the  18-27  km 
layer,  a  conclusion  arrived  at  many  years  ago  by  Karandikar  and  Ramanathan  (.1949). 

*  Presented  at  the  International  Ozone  Symposium  held  at  Oxford  in  July  1959. 
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In  his  address  on  atmospheric  ozone  at  the  Rome  Assembly  of  the  International 
Association  of  Meteorology  (1956),  Ramanathan  drew  attention  to  the  sharp  increase  in 
atmospheric  ozone  at  about  30°N  as  one  moved  poleward  from  tropical  to  middle  latitudes 
and  suggested  that  the  increase  might  be  connected  with  the  tropopause  break  associated 
with  the  sub-tropical  jet  stream. 

The  starting  of  an  ozone  station  in  Kashmir  at  about  34°N  in  1955,  gave  an  opportunity 
for  the  study  of  the  vertical  distributions  associated  with  changes  of  ozone  in  that  region. 
Vertical  distributions  have  been  calculated  from  umkehr  observations  at  Gulmarg  or 
Srinagar  on  days  with  ozone  amounts  varying  from  0T60  cm  to  0-230  cm,  dividing  the 
atmosphere  into  6  km  layers  and  allowing  for  secondary  scattering  as  described  by 
Ramanathan  and  Dave  (1957).  The  following  table  shows  the  percentages  of  ozone 
amounts  in  successive  6  km  layers  for  typical  small  and  large  ozone  amounts. 


TABLE  1.  Percentages  of  ozone  amounts  in  successive  6  km  layers  over  Kashmir  for  typical  small 

AND  LARGE  OZONE  AMOUNTS 


0-6 

6-12 

12-18 

18-24 

24-30 

30-36 

above  36  km 

Small  amount  03 

0-160  cm 

4 

4 

13 

14 

35 

20 

9  per  cent 

Large  amount  03 

0-230  cm 

5 

12 

11 

22 

34 

10 

7  per  cent 

The  Kashmir  distributions  show  : 

(1) .  Above  36  km,  there  is  no  significant  change  in  ozone  content. 

(2) .  With  increase  in  total  ozone  amount,  there  is  in  general  an  increase  in  ozone 

in  the  6-12  and  18-24  km  layers  and  a  decrease  in  the  30-36  km  layer.  When 
the  ozone  amount  exceeds  0-190  cm,  the  increase  in  ozone  content  in  the 
6-12  km  layer  becomes  very  pronounced.  The  amount  in  the  6-12  km  layer 
is  sometimes  even  larger  than  in  12-18  km. 

The  occasional  appearance  of  more  ozone  in  the  6-12  km  layer  than  in  the  12-18  km 
layer  over  Srinagar  is  significant.  Srinagar  being  situated  in  a  region  where  the  occurrence 
of  double  tropopause  is  frequent  in  winter  and  spring,  it  may  be  expected  that  occasionally 
the  cold  air  adjacent  to  the  equatorial  tropopause  will  spread  out  into  the  stratosphere  of 
middle  latitudes,  and  the  ozone-rich  air  of  the  lower  stratosphere  of  middle  latitudes  be 
drawn  into  the  troposphere  of  the  lower  latitudes,  roughly  following  the  isentropes. 


Figure  1 .  Srinagar  -  vertical  distribution  of  ozone,  using  Nye  and  Choong’s  values  of  absorption  coefficients 

of  0,. 
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3.  Vertical  distributions  of  ozone  over  Tateno  (35°-7  N,  139°-7  E) 

Owing  to  the  kindness  of  the  Japan  Meteorological  Agency  (1958/9)  we  have  been 
receiving  their  upper-air  and  ozone  data,  and  have  calculated  from  their  umkehr  observ¬ 
ations  the  vertical  distributions  over  Tateno  on  a  number  of  days  in  1958.  The  latitude 
of  Tateno  near  Tokyo  is  only  2°  higher  than  that  of  Srinagar,  yet  the  ozone  amounts  over 
Tateno  vary  over  a  much  larger  range  of  values,  from  about  0T80  cm  to  over  0-360  cm. 
When  the  ozone  amounts  exceed  those  usually  found  in  India,  we  have  used  the 
following  corrections  A N  to  the  values  of  N  to  allow  for  multiple  scattering. 

TABLE  2.  Correction  for  multiple  scattering  to  observed  values  of  N  on  C  wavelengths 


Zenith  angle  of  sun 


Total  ozone  amount 

60° 

70° 

75° 

80° 

84° 

86-5° 

O 

cc 

00 

O 

O 

Oh 

0-230  cm 

0 

1-0 

2-0 

4-0 

60 

6-0 

6-0 

60 

0-230-0-310  cm 

0 

3-0 

4-3 

6-0 

6-0 

6-0 

60 

60 

0-310  cm 

0 

3-5 

5-0 

7-0 

6-5 

60 

60 

60 

160  }QO  160  300  34 O  300  340  3*0  330  360*10 

total  oz  one 


Figure  2.  Vertical  distribution  of  ozone  for  different  ozone  amounts  at  Abu,  Srinagar  and  Tateno  (with 

Choong’s  a). 
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The  corrections  were  estimated  from  Dr.  Walton’s  calculations  (1953)  of  secondary 
scattering  and  empirical  values  based  on  umkehr  observations  on  different  wave-lengths 
made  in  India.  Compared  with  the  vertical  distributions  found  over  India,  the  distribu¬ 
tions  found  over  Tateno  show  the  following  features  : 

(1) .  In  all  layers  up  to  36  km,  there  is,  in  general,  an  increase  of  ozone  with  increas¬ 

ing  ozone  amount.  This  may  be  compared  with  observations  over  Srinagar 
where,  with  increase  of  ozone  amount,  there  is  a  decrease  of  ozone  in  the 
30-36  km  layer  and  only  a  small  change  in  0-6  and  12-18  km  layers.  There 
is  very  little  variation  above  36  km. 

(2) .  The  ozone  amount  in  12-18  km  increases  rapidly  when  the  total  ozone  increases 

from  0-220  cm  to  about  0-300  cm. 

(3) .  When  the  total  ozone  exceeds  0-300  cm,  the  amounts  at  levels  above  12  km 

tend  to  reach  saturation,  but  the  increase  continues  at  lower  levels. 

(4) .  At  Tateno  in  winter  and  spring,  double  and  multiple  tropopauses  are  frequent. 

On  occasions  when  the  ozone  amount  is  high,  the  vertical  distributions  over 
Tateno  correspond  to  those  of  higher  latitudes  with  the  same  high  ozone 
amount.  Perhaps  owing  to  its  location  to  the  south-east  of  the  Siberian  high- 
level  low-pressure  area  in  winter,  the  winter  character  of  a  higher  latitude  is 
sometimes  imported  to  as  low  a  latitude  as  36°N. 

A  further  study  of  the  variations  in  the  30-36  km  layer  by  analysing  the  observational 
data  of  other  stations  is  desirable  in  order  to  elucidate  the  reason  for  the  difference  between 
Tateno  and  the  Indian  stations. 

4.  Meridional  distribution  of  ozone  in  spring  and  autumn 

For  the  understanding  of  the  transport  mechanism  of  ozone,  one  would  like  to  study 
the  varying  distributions  of  ozone  from  day  to  day.  If  synoptic  distributions  could  be 
obtained,  even  over  limited  areas,  from  the  i.g.y.  observations,  they  would  be  of  great 
value.  In  anticipation  of  such  analysis,  it  was  felt  desirable  to  compute  vertical  distribu¬ 
tions  from  the  available  umkehr  observations  made  at  different  places,  but  following  an 
identical  procedure  for  computation.  Vertical  distributions  have  thus  been  calculated 
from  observations  on  individual  days  at  the  following  places  : 

Kodaikanal  (10°-2  N,  77°-5  E),  Poona  (18°-5  N,  73°-9  E),  Mt.  Abu  (24°-6  N,  72°-7  E), 
Delhi  (28°-5  N,  77°-2  E),  Srinagar  (34°-l  N,  74°-9  E),  Tateno  (35°-7  N,  139°-7  E), 

Arosa  (46°-8  N,  9°-7  E),  Tromso  (69°-7  N,  18°-9  E),  Alaska  (64°-8  N,  147°-9  W). 

In  computing  the  vertical  distributions,  the  tables  given  in  the  I.G.Y.  Instruction 
Manual  have  been  used.  When  the  ozone  amounts  were  higher  than  0-230  cm,  two 
different  corrections  for  multiple  scattering  were  used  for  ozone  amounts  0-230  to 
0-310  cm  and  for  amounts  greater  than  0-310  cm  respectively. 

Dr.  Diitsch  in  a  paper  on  ‘  Vertical  distributions  from  umkehr  observations  ’  (Arch.  Met.  Geophys.  und 
Biokl.,  11,  p.  240,  1959)  has  given  the  distributions  of  ozone  calculated  by  him  on  a  large  number  of  days 
from  the  Arosa  umkehr  data.  Two  of  these  days,  9  August  1956  and  13  February  1956,  are  common  to  our 
Tables.  Dr.  Diitsch’s  results  differ  from  ours  on  13  February  1956  with  significantly  larger  ozone  amounts 
in  the  layers  6-24  km.  The  difference  is  less  marked  on  9  August  1956.  The  differences  arise  from  two 
causes  : 

(1)  Dr.  Diitsch  has  not  used  the  observed  value  of  totai  ozone  but  has  obtained  it  by  integrating  the 
amounts  in  different  layers  as  calculated  from  the  umkehr  observations.  There  is  a  difference 
between  the  observed  total  ozone  (0-278  cm)  and  the  integrated  total  ozone  (0-298  cm).  We  have, 
on  the  other  hand,  used  in  our  calculations  the  observed  total  ozone  with  the  umkehr  curve. 

(2)  The  corrections  for  multiple  scattering  used  by  Dr.  Diitsch  are  smaller  than  the  corrections  used 
by  us. 

The  differences  between  the  results  of  our  calculations  and  those  of  Dr.  Diitsch  do  not  affect  the  main 
conclusions  of  the  present  paper.  A  further  examination  of  the  effect  of  multiple  scattering  on  the  umkehr 
curve  is  in  progress. 
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(a)  (b) 
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Figure  3.  Vertical  distribution  of  ozone  (with  Nye  and  Choong’s  a),  (a)  when  ozone  amounts  are  low,  (b) 

when  ozone  amounts  are  high. 


Although  the  same  value  for  the  total  ozone  amount  does  not  mean  that  the  vertical 
distribution  is  the  same,  it  is  found  that  there  are  certain  general  changes  in  the  vertical 
distribution  which  go  with  changes  in  the  total  ozone.  Taking  into  consideration  the  fact 
that  in  middle  and  high  latitudes  the  ozone  amount  is  generally  high  in  January  to  April, 
and  low  in  September  to  November,  mean  meridional  distributions  of  ozone  were  prepared 
(a)  when  the  ozone  amounts  are  low  and  (b)  when  ozone  amounts  are  high. 

Figure  3  shows  vertical  distributions  corresponding  to  winter-spring  and  late-summer 
and  autumn  and  the  following  points  are  of  interest. 

(1)  Throughout  the  year,  there  is  more  ozone  in  the  lower  layers  in  latitudes  higher 
than  30°N  than  in  lower  latitudes. 

(2)  The  increase  of  ozone  in  the  lower  levels  with  increase  in  latitude  is  gradual 
in  summer,  whereas  in  winter,  the  rise  is  steep  at  30°N.  This  amplifies 
Ramanathan’s  picture  (1956)  of  the  latitudinal  distribution  of  total  ozone  with 
its  steep  rise  north  of  30°N. 

(3)  There  is  a  tendency  for  the  ozone  in  the  30-36  km  layer  to  decrease  with  latitude, 
and  more  rapidly  when  the  ozone  amounts  are  high.  At  40  km,  there  is  little 
change  in  ozone  content  with  latitude  or  season.  There  is  also  a  general  tendency 
for  the  ozone  amounts  above  42  km  in  middle  and  high  latitudes  to  be  larger 
than  in  India.  We  are  not  sure  whether  this  is  real  or  due  to  the  inaccuracy 
of  the  multiple  scattering  corrections  for  high  values  of  ozone.  These  corrections 
for  higher  values  of  ozone  amount  require  further  examination. 

Mean  meridional  distributions  of  ozone  have  also  been  calculated  for  each  of  the 
months  March,  July  and  November  (Fig.  4),  using  the  appropriate  ozone  amounts  from  the 
diagram  of  annual  variation  published  by  Normand  (1956).  Two  steps  of  ozone  variation 
with  latitude  are  seen  in  the  March  diagram;  presumably  they  correspond  to  the  tropo- 
pause  breaks  associated  with  the  sub-tropical  and  polar  jet  streams. 

As  the  ozone  amount  increases  from  November  to  March,  the  increase  takes  place 
mainly  at  levels  below  30  km.  In  March  at  15  km,  the  ozone  content  changes  from 
4  X  10-3  cm  km-1  at  the  Equator  to  10  X  10~3  cm  km-1  at  70°.  At  27  km,  the  change 
from  the  Equator  (10  X  10~3  cm  km-1)  to  70°  (12  X  10“3  cm  km-1)  is  small  in  all  the  three 
months.  At  30-36  km  in  March,  the  ozone  content  decreases  from  the  Equator 
(7  X  10-3cmkm-1)  to  higher  latitudes  (4  X  10~3  cm  knT1).  (See  Table  3). 
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LATITUDE 


Figure  4.  Mean  vertical  distribution  of  ozone  in  March,  July  and  November  (10s  cm  km  1  with  Nye  and 

Choong's  a). 


A  mean  meridional  distribution  is  a  greatly  simplified  picture.  Not  only  does  the 
distribution  change  from  month  to  month ;  there  is  evidence  that,  in  the  same  month,  there 
are  significant  differences  of  distribution  over  different  meridians.  Still,  even  the  simplified 
picture  adds  to  our  understanding. 


5.  Discussion 

How  is  the  large  increase  in  ozone  in  the  lower  stratosphere  from  November  to  March 
brought  about  ?  The  rate  of  production  of  ozone  by  photo -chemical  processes  is,  according 
to  Diitsch  (1956),  at  maximum  at  about  25  km  for  vertical  incidence  of  sunlight,  and 
the  ozone  mixing  ratio  increases  with  height  up  to  30-35  km  and  decreases  thereafter. 
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TABLE  3.  Vertical  distributions  of  atmospheric  ozone 


(Amounts  calculated  with  Nye  and  C.hoons’s  values  of  a) 


Date 

Total  ozone 

Mean  ozone 

amount  (10  3  cm 

km  J) 

(cm) 

0-6 

6-12 

12-18  18-24  24-30 

30-36 

36-42 

42-48 

48-54 

Kodaikanal  (10°N) 

15  February  1958 

0-167 

1-0 

1*5 

20 

30 

9-9 

7-5 

2-0 

0-5 

0-4 

10  March  1949 

0175 

1-0 

1-5 

2-0 

3-3 

10-5 

8-0 

20 

0-5 

0-3 

16  March  1949 

01 S4 

1-0 

20 

2-0 

4-0 

11  2 

7-7 

20 

0-5 

0-3 

18  April  1958 

0-187 

1-0 

2-0 

20 

4-2 

11-5 

7-5 

20 

0-6 

0-4 

Poona  (18j°N) 

15  March  1948 

0-174 

1-0 

2-0 

2  0 

3*5 

10-2 

7-0 

20 

0-8 

0-4 

Mt. 

Abu  (24i°N) 

27  November  1957 

0-152 

1-0 

1-5 

2-0 

2-9 

8-8 

60 

20 

0-7 

0-5 

25  November  1953 

0160 

1-0 

1-5 

2-1 

3-9 

9-2 

6-0 

20 

0-5 

0-4 

23  November  1953 

0-170 

1-0 

2-0 

2-2 

40 

9-5 

6-3 

2-0 

0-6 

0-2 

8  January  195S 

0-172 

10 

20 

2-2 

3*5 

10-0 

6-5 

2-2 

0-8 

0-4 

21  March  1954 

0-174 

1-0 

20 

2-5 

4-0 

10-1 

6-4 

2-2 

0-5 

0-4 

6  March  1955 

0-175 

10 

20 

2-9 

40 

11-1 

5-5 

1-7 

0-5 

0-4 

3  July  1957 

0-177 

1-0 

20 

2-2 

40 

10-5 

6-7 

20 

0-6 

0-5 

18  June  1957 

0-1  SO 

10 

2-0 

30 

4-2 

11-5 

6-5 

20 

0-6 

0-6 

26  January  1958 

0-187 

10 

20 

2-7 

40 

1 1-5 

6-8 

2-0 

0-8 

0-4. 

12  March  1958 

0190 

10 

2-2 

3-5 

51 

11-4 

5-5 

2-1 

0-5 

0-4 

26  February  1954 

0-194 

1-0 

20 

3-5 

4-5 

12-5 

5-7 

20 

0-6 

0-5 

31  March  1955 

0194 

1-0 

20 

40 

4-7 

120 

5-5 

2-0 

0-6 

0-5 

1  April  1955 

0-207 

1-0 

20 

3-5 

50 

12-5 

70 

2-2 

0-5 

0-3 

2  March  1955 

0-210 

1-5 

3  5 

40 

5-6 

121 

50 

2-0 

0-7 

0-5 

New 

Delhi 

(28j°N) 

10  March  1955 

0-170 

1-0 

20 

2-9 

5-0 

9-0 

5-7 

1-8 

0-5 

0-4 

18  March  1955 

0-171 

10 

20 

3-0 

50 

9-1 

5-7 

1-8 

0-5 

0-4 

17  March  1955 

0190 

1-5 

2-0 

3-7 

51 

10-6 

5*5 

2-0 

0-8 

0-5 

4  March  1955 

0-209 

1*5 

2-0 

40 

5-5 

12-5 

60 

2-0 

0-8 

0-6 

20  January  1947 

0-217 

1*5 

30 

4-5 

5-5 

13-0 

6-0 

2-0 

0-5 

0-2 

Srinagar  (S) 

or  Gulmarg  (G)  (34°N) 

G.  23  October  1955 

0160 

1-0 

1-2 

30 

3-9 

9-2 

5-8 

2-0 

0-3 

0-2 

G.  20  October  1955 

0168 

1-0 

10 

3-8 

4-5 

9-2 

60 

20 

0-3 

0-2 

S.  11  December  1955 

0170 

1-0 

20 

3-7 

4-5 

9-5 

4-8 

2-0 

0-6 

0-2 

G.  25  October  1955 

0174 

1-0 

to 

4-0 

4-5 

100 

5-5 

20 

0-6 

0-4 

S.  20  December  1955 

0178 

1-0 

20 

3-5 

50 

10-5 

4-3 

20 

1-0 

0-4 

G.  29  October  1955 

0-190 

1-0 

2-2 

40 

50 

11-5 

5-5 

2-0 

0-3 

0-2 

S.  23  December  1955 

0193 

1-5 

3-3 

3-2 

6-5 

11-0 

4-0 

2-0 

0-3 

0-2 

S.  7  February  1956 

0195 

1-5 

3-3 

3-6 

70 

11-2 

40 

1-5 

0-6 

0-3 

S.  5  August  1957 

0-202 

1-5 

20 

3-5 

4-2 

130 

6-5 

20 

0-5 

0-4 

S.  26  December  1955 

0-204 

1*5 

2-0 

40 

6-7 

130 

4-0 

20 

0-5 

0-2 

S.  31  December  1955 

0-218 

1-5 

50 

40 

6-7 

130 

40 

1-5 

0-5 

0-2 

S.  5  February  1956 

0-220 

1-5 

5-5 

3-8 

70 

130 

40 

1-0 

0-5 

0-4 

S.  16  February  1956 

0-224 

1-5 

5-2 

3-8 

7-7 

130 

4-0 

1-3 

0-5 

0-4 

Tateno 

(36°N) 

4  November  1958 

0185 

10 

20 

3-0 

50 

10-5 

50 

2-4 

10 

0-9 

26  November  1958 

0-189 

10 

2-0 

3-5 

5-0 

10-5 

5-0 

2-0 

IT 

0-9 

29  October  1958 

0-203 

15 

20 

3-8 

4-7 

11-0 

60 

2-8 

1-0 

0-9 

10  January  1958 

0-210 

1-5 

20 

3-5 

60 

12-5 

60 

20 

0-8 

0-6 

8  October  1958 

0-220 

1-7 

3-5 

4-5 

5-0 

11-8 

60 

2-3 

1-0 

0-9 

11  August  1958 

0-229 

2-0 

30 

50 

7-2 

9-8 

6-8 

20 

1-4 

10 

19  November  1958 

0-230 

20 

30 

5-5 

8-0 

11-4 

4-2 

20 

1-4 

1-0 

6  January  1958 

0-239 

2-0 

3-9 

4-5 

8-0 

130 

5-4 

21 

10 

0-8 
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TABLE  3  (continued) 


Date 

Total  ozone 

Mean 

ozone 

amount  (10  3  cm 

km-1) 

(cm) 

0-6 

6-12  12-18 

•18-24  24-30 

30-36 

36-42 

42-48 

48-54 

Tateno 

(36°N) 

21  June  1958 

0-251 

2-0 

4-8 

5-5 

6-5 

12-0 

6-7 

2-6 

10 

0-9 

19  March  1958 

0-258 

2-0 

4-5 

5-0 

8-2 

130 

6-0 

2-5 

1-0 

0-9 

4  January  1958 

0-264 

2-0 

4-5 

6-0 

8-8 

13-5 

5-0 

2-5 

10 

0-8 

18  January  1958 

0-277 

2-0 

4-5 

7-5 

9-3 

12-5 

5-5 

2-8 

1-1 

0-9 

31  March  1958 

0-284 

2-0 

5-0 

8-0 

8-5 

115 

7-5 

3-3 

0-8 

0-7 

31  January  1959 

0-294 

2-0 

5-5 

8-3 

90 

12-3 

7'5 

2-4 

1-0 

0-9 

March  1958 

0-321 

3-0 

6-2 

9-0 

9-8 

13-2 

7-0 

2-8 

0-8 

0-6 

4  MaTch  1958 

0-330 

3-5 

7-0 

90 

10-3 

13-5 

70 

3-0 

0-9 

0-8 

30  March  1958 

0-348 

4-0 

8-0 

10-0 

11-2 

13-5 

6-8 

2-8 

0-8 

0-7 

Arosa  (47°N) 

9  August  1956 

0196 

1-5 

2-5 

3-6 

60 

10-5 

5-0 

2-0 

0-8 

0-8 

1933  (average) 

0-240 

2-0 

4-0 

5-5 

8-0 

13-2 

40 

2-0 

0-8 

0-6 

14  February  1933 

0-253 

2-0 

4-5 

5-4 

8-3 

13-5 

50 

2-0 

0-8 

0-7 

3  June  1933 

0-263 

2-0 

4-5 

5-5 

8-8 

13-5 

5-5 

2-5 

10 

0-9 

13  February  1956 

0-278 

30 

6-0 

61 

8-5 

13-3 

50 

2-5 

10 

0-9 

1933  (average) 

0-300 

3-5 

70 

9-0 

9-0 

12-0 

5-5 

2-3 

1-0 

0-9 

Alaska  (65°N) 

25  October  1953 

0-229 

2-0 

4-5 

4-7 

7-2 

11-5 

4  5 

20 

10 

0-8 

2-)  March  1954 

0-329 

4-5 

8-6 

9-5 

11-5 

12-5 

4-2 

2-3 

0-9 

0-8 

Tromso 

(69-5°N) 

25  March  1941 

0-335 

3-0 

91 

11-5 

11-5 

12-5 

45 

2-5 

0-9 

0-8 

The  mixing  of  air  from  different  levels  below  30  km  will,  in  general,  increase  the  ozone 
content  in  the  lower  levels  and  decrease  it  in  the  higher.  In  the  lower  levels  of  the  stratos¬ 
phere  of  middle  and  high  latitudes,  ozone  can  be  effectively  conserved  for  a  period  of 
many  months  as  the  air  is  cold,  dry,  and  stably  stratified  and  most  of  the  ozone-destroying 
radiation  from  the  sun  has  been  filtered-out  by  the  higher  layers.  Dobson,  Brewer  and 
Cwilong  (1946)  and  Brewer  (1949),  from  measurements  of  frost-points  in  the  stratosphere 
over  England,  produced  evidence  for  a  large-scale  flux  of  dry  air  into  the  stratosphere 
over  the  United  Kingdom.  It  was  suggested  that  this  came  from  near  the  equatorial 
tropopause.  The  large  amount  of  data  collected  by  Murgatroyd,  Goldsmith  and  Hollings 
(1955);  Helliweli,  Mackenzie  and  Kerley  (1956)  show  that  the  dryness  at  14-15  km  is  not 
occasional  but  general.  The  occurrence  of  a  warm-air  pool  in  the  stratosphere  over  middle 
latitudes,  its  extreme  dryness  corresponding  to  equatorial  tropopause  temperatures,  and 
accumulating  ozone  amount  during  winter,  all  support  a  poleward  transport  of  subsiding 
air  from  near  the  equatorial  tropopause.  How  is  the  circulation  completed  ?  For  the 
present,  we  can  only  make  reasonable  guesses  at  the  character  of  the  circulation.  It  will 
take  many  years  before  we  shall  have  enough  wind  data  in  the  stratosphere  to  calculate 
the  magnitude  of  the  meridional  mass  fluxes  there. 

Fig.  5  shows  diagrams  of  distribution  of  temperature  (T°C)  and  potential  temperature 
(0°K)  over  a  sample  meridian  in  the  months  of  January,  April,  July  and  October.  These 
have  been  put  together  from  the  work  of  Kochanski  (1955)  and  Murgatroyd  (1957). 
The  January  diagram  shows  a  pool  of  warm  air  (  —  50  to  —  55°G)  in  the  stratosphere 
lying  between  45°  and  65°  and  extending  from  the  tropopause  to  a  height  of  over  24  km. 
Considering  its  position  and  the  trend  of  the  lines  of  potential  temperature,  it  appears 
likely  that  this  warm  pool  is  formed  mainly  by  the  subsidence  of  originally  cold  air  from 
near  the  equatorial  tropopause,  and  to  a  smaller  extent  from  the  upper  cold  pool  in  the 
Arctic  stratosphere  which  is  located  at  25-30  km.  There  is  much  more  volume  of  relatively 
cold  air  near  the  tropopause  over  equatorial  regions. 
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JANUARY 


JULY 


80  60  40  20  0°N 


APRIL  OCTOBER 


Figure  5.  Meridional  cross-sections  of  temperatures  and  potential  temperatures  #°K  (after  Kochanski  and 

and  Murgatroyd). 


The  air  collected  in  the  mid-latitude  stratosphere  could  be  removed  (a)  by  a  return 
circulation  at  higher  jevels  in  the  stratosphere  towards  the  Equator;  (b)  by  a  similar 
circulation  towards  the  pole,  and  (c)  by  entry  into  the  troposphere  at  favourable  places 
and  times.  Of  these,  the  circulation  involving  the  return  of  air  towards  the  Equator  may 
be  expected  to  produce  in  its  upper  arm  an  increase  in  the  ozone  content,  because  it  would 
be  travelling  towards  a  region  where  ozone-producing  radiation  is  more  abundant.  During 
its  subsidence  and  travel  towards  the  Pole,  the  ozone  will  be  conserved  and  stored  in  the 
lower  stratosphere.  Part  of  the  stored  ozone  will  periodically  leak  into  the  troposphere, 
particularly  in  the  region  of  sub-tropical  jets,  and  get  lost  by  chemical  decomposition  or 
wash-out  by  rain.  Whenever  this  circulation  accelerates,  there  will  be  an  increase  of  ozone 
in  the  lower  stratosphere  and  whenever  it  weakens,  the  ozone  will  decrease  or  remain 
steady  depending  on  its  rate  of  leakage  into  the  troposphere.  It  is  unlikely  that  the  ex¬ 
change  of  air  is  purely  meridional.  It  is  more  likely  that  the  contemplated  circulation  is 
associated  with  zonal  waves  in  the  upper  baroclinic  region  at  levels  below  and  above  the 
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equatorial  tropopause  between  latitudes  20°  and  40°.  As  is  well  known,  the  mid-latitude 
tropopause  reaches  its  lowest  level  in  March- April. 

The  formation  of  the  upper  cold  pool  in  the  stratosphere  of  the  Arctic  during  winter 
is  an  important  contributory  cause  for  intensifying  the  warm  pool  in  the  stratosphere  of 
middle  latitudes  and  pushing  it  towards  the  Equator.  The  increased  gradient  of  tempera¬ 
ture  between  the  tropics  and  middle  latitudes  at,  and  near,  the  level  of  the  equatorial 
tropopause  will  strengthen  the  stratospheric  circulation  between  the  middle  and  equatorial 
latitudes,  and  increase  the  rate  of  storage  of  ozone  in  the  stratospheric  reservoir.  The 
mixing  associated  with  the  upper  cold  pool  over  the  Arctic  at  50-25  mb  can  only  lead  to  a 
small  overall  averaging  of  ozone.  The  distributions  of  temperature  and  potential  tempera¬ 
ture  in  the  stratosphere  in  January,  April  and  July  make  it  clear  that  the  ozone-regenerating 
circulation  will  be  weaker  in  April  than  in  January  and  weakest  in  July.  It  again  begins  to 
be  active  in  October.  It  may  thus  be  expected  that  the  period  January  to  April  will  be  the 
period  of  maximum  ozone  storage  in  the  Northern  Hemisphere. 

Entry  of  ozone  from  the  stratosphere  into  the  troposphere  can  take  place  by  small- 
scale  turbulence  associated  with  wind  shears.  Perhaps  this  is  the  only  mechanism  by  which 
ozone  passes  through  the  tropopause  over  the  tropics.  Large-scale  entry  can  occur  through 
(1)  the  sub-tropical  tropopause  breaks  and  the  associated  jet  streams  and  (2)  polar  front 
breaks  and  jet  streams.  The  sub-tropical  breaks  extend  over  a  greater  depth  of  the  atmos¬ 
phere  and  are  longer  and  are  therefore  of  greater  significance  for  the  seasonal  variations 
of  ozone.  The  strength  and  number  of  jet  streams  associated  with  the  breaks  vary  with  the 
season.  Occasionally,  and  over  certain  areas  such,  as  Korea  and  Japan,  the  sub-tropical 
and  polar  jet  streams  approach  each  other  in  winter  and  spring,  permitting  the  entry  of 
large  masses  of  stratospheric  air  into  the  troposphere  and  vice  versa. 


90°£  90°E 


Figure  6  Average  isopleths  of  tropopause  pressure  levels  in  January,  April,  July  and  October  (100,  200, 

240  and  300  mb);  (after  Goldie,  Moore  and  Austin). 
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6.  Conclusions 

The  following  significant  facts  regarding  ozone  variations  have  been  established. 
Over  equatorial  regions,  the  day-to-day  variations  are  small,  but  there  is  a  seasonal  variation 
of  ozone  with  maximum  in  June-August  and  minimum  in  December-January.  In  middle 
and  high  latitudes,  the  maximum  occurs  in  March-April  and  the  minimum  in  October- 
November.  There  is  high  correlation  between  ozone  amount  and  tropopause  pressure 
in  winter  and  spring,  and  when  increase  of  ozone  takes  place,  it  is  mainly  in  the  atmosphere 
below  18  km. 

In  view  of  these  facts,  it  is  relevant  to  link  up  the  study  of  ozone  problems  with  the 
study  of  the  time  and  space  variations  of  tropopause  levels,  of  the  discontinuities  occurring 
in  them  and  of  the  causes  leading  to  such  discontinuities. 

Fig.  6  gives  the  isopleths  of  average  tropopause  pressure  levels  (100,  200,  240  and 
300  mb)  over  the  Northern  Hemisphere  in  January,  April,  July  and  October  according 
to  Goldie,  Moore  and  Austin  (1958). 


°  o 

<JOE  90E 


Figure  7.  Isopleths  of  tropopause  levels  (100,  200,  300  and  350  mb)  on  individual  days  in  January  1956 
(after  Fr.  Defant  and  H.  Taba  and  printed  by  courtesy  of  Tellus). 
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The  closeness  of  the  100  and  200  mb-level  tropopauses  and  the  occurrence  of  the 
lowest  tropopauses,  not  close  to,  but  some  distance  away  from  the  Pole  are  noteworthy 
features  of  the  January  diagram.  In  April,  low-level  tropopauses  at  pressures  higher 
than  300  mb  occur  over  a  wide  area  round  the  Pole.  The  separation  between  the  100  mb 
and  200  mb-level  tropopauses  is  widest  in  October  and  they  are  nearly  symmetrical  round 
the  Pole.  October-November  are  the  months  when  the  ozone  amounts  are  smallest  in 
extra-tropical  latitudes.  The  day-to-day  variations  of  ozone  are  largest  in  January  to 
March  and  are  least  in  June  to  October. 

The  January  diagram  of  average  tropopause  levels  may  be  compared  with  the  day-to- 
day  tropopause  isopleths  of  the  first  half  of  January  1956  recently  published  by  Defant 
and  Taba  (1958)  (see  Fig.  7).  While  the  100  mb  level  remains  near  30°,  the  200  mb  isopleth 
takes  deep  excursions  towards  the  Pole.  Similarly,  tropopauses  at  300  or  350  mb  move  down 
to  lower  latitudes.  There  seem  to  be  preferred  regions  for  such  excursions.  Occasionally 
the  200,  300  and  even  350  mb-level  isopleths  come  close  to  each  other.  The  pattern 
changes  from  day  to  day  with  a  general  slow  W-E  movement.  We  should  expect  corres¬ 
ponding  complex  changes  in  ozone  amounts  with  regional  preferences  for  high  or  low 
ozone  amounts.  We  look  forward  to  corresponding  isopleth  diagrams  of  ozone  amounts. 
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Water  Vapour  and  Ozone  in  the  Atmosphere 
and  Stratospheric  Circulation* 
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Physical  Research  Laboratory,  Ahmedabad 
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1.  Water  vapour  in  the  stratosphere 

Most  of  what  we  know  about  water 
vapour  in  the  stratosphere  has  come  from  the 
development  of  the  frost-point  hygrometer  by 
Dobson,  Brewer  and  Cwilong  (1946)  and  its 
regular  use  in  the  Meteorological  Research 
Flights  of  the  U.K.  Meteorological  Service. 
Additional  information  is  available  for  the 
study  of  mother-of-pearl  clouds  in  Scandi¬ 
navia  and  Russia,  some  measurements  made 
in  U.S.A.  with  balloon-borne  frcst-point 
hygrometer,  and  a  few  aircraft  measurements 
of  infra-red  absorption  by  water  vapour  in 
U.K.  and  U.S.A. 

The  existing  knowledge  is  summarised  in 
the  following  two  diagrams — 

Fig.  1.  A  histogram  of  frost-points 
measured  at  48,000  ft  over  U.K. 
Taken  from  a  paper  on  “Further 
observations  of  humidity  up  to 
50,000  ft  made  from  an  aircraft”  by 
N.  C.  Helliwell  et  al.  in  Quart  J .  R. 
met.  Soc.,  S3, 1957,  p.  257. 

Fig.  2.  A  diagram  showing  temperatures 
and  frost-points  at  34,000  ft  and 
46,000  ft  in  July  1956  obtained  by 
Meteorological  Research  Flights  ex¬ 
tending  from  40°  to  65°N  at  about 
the  longitude  of  U.K.  ( Weather , 
Sep.  1958). 

Reference  may  also  be  made  to  a  paper  on 
“Humidity  in  the  Stratosphere  at  27  km”  by 
F.R.  Barclay  et  al.  in  the  Quart.  J .  R.  met.  Soc., 
86,  1960  where  they  found  a  frost-point  of 
— 76°C. 


The  Meteorological  Research  Flights  of 
U.K.  have  established  that  while  the  frost- 
point  at  the  trojjopause  is  variable  over  the 
U.K.  from  — 50°  to  — 78°C,  it  decreases 
rapidly  with  height  above  the  tropopause, 
and  becomes  practically  constant  at  a,bout 
— 83°C  at  a  level  of  15  km  (Mixing  ratio 
2xl0-3  gm/kgm).  They  have  also  shown 
that  at  the  same  height  (15  km)  over  Idris 
in  Morocco,  a  similar  value  of  the  frost-point 
is  observed.  The  special  meridional  flights 
undertaken  by  them  have  shown  that  while 
at  low  stratospheric  levels,  the  frost-point 
depends  on  the  synoptic  weather  situation,  at 
15  km,  the  latitudinal  variation  of  humidity 
becomes  small,  although  there  are  marked 
discontinuities  of  frost-point  on  crossing 
fronts  with  lower  frost-points  towards  the 
north. 

The  infra-red  observations  made  by  Hough¬ 
ton  over  U.K.  show  an  average  mixing  ratio 
of  3  X  10-3  gm  of  H20/kgm  of  air  above  13-5 
km.  This  is  in  reasonable  agreement  with  the 
frost-point  hygrometer  findings. 

On  the  other  hand,  a  few  American  sound¬ 
ings  made  in  1949-50  and  the  indirect  evi¬ 
dence  of  mother-of-pearl  clouds  over  Norway 
indicate  higher  frost-points  at  23-27  km.  The 
question  is  :  Is  the  very  low  frost-point  of 
190°K  confined  to  a  restricted  depth  in  the 
lower  stratosphere  or  can  it  be  considered  to 
extend  throughout  the  stratosphere? 

The  conclusion  drawn  by  Brewer  and 
Dobson  (1946)  from  the  persistent  extreme 


♦Paper  presented  at  the  IUGG  Symposium  on  Atmospheric  Chemistry  and  Radioactivity — Helsinki  1960 


Ind.  Journ.  Met.  Geophys.  12,  391-400,  1961. 
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FIG  1.  HISTOGRAM:  FROST  POINTS  AT  48000  FT  QVERU.K 


(helliwell  S  others) 
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TEMPERATURES  AND  FROST  POINTS  AT  54000  AND4S000  FT. ON 


26  JUL  1956,  ROUGHLY  ALONG  U.K.MERlOIAN 

fig.  2  (a) 


STRATOSPHERE  OVER  U.K.  (after  helliwell) 
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MONTH 

FIG. 3. OZONE  DISTRIBUTION  IN  DIFFERENT  MONTHS  FROM  1957  TO  1959 


dryness  of  air  at  15  km  oyer  U.K.  is  well- 
known,  namely,  it  provides  evidence  of  a 
meridional  circulation  involving  ascent  of  air 
over  equatorial  latitudes  across  the  tropo- 
pause  and  slow  sinking  of  the  dried  air  in  the 
lower  levels  of  the  stratosphere  over  middle 
and  polar  latitudes. 

Umkehr  studies  and  recent  ozone  obser¬ 
vations  made  by  Brewer  and  Milford  (1960) 
over  Malta,  Arosa,  Liverpool  and  Tromso  in 
summer  provide  supporting  evidence  for  the 
transport  of  stratospheric  air  in  the  indicated 
direction. 

2.  Atmospheric  Ozone  and  its  variations 

Before  the  IGY,  55  ozone  stations  bad  been 
equipped  with  Dobson  instruments  and  13 
others  with  instruments  of  other  types. 
Professor  Dobson  and  Sir  Charles  Normand 
undertook  the  task  of  preparing  detailed 
instructions  for  the  use  of  the  Dobson  instru¬ 
ment  and  monitoring  the  ozone  observations 
during  the  IGY.  Nearly  40  stations  actually 
took  ozone  observations,  and  through  the 
kindness  of  various  authorities,  the  author 


has  been  able  to  get  the  provisional  daily 
ozone  data  of  about  36  stations.  Umkehr 
observations  are  also  available  from  a  few 
stations. 

Diagrams  illustrating  some  important 
points  about  the  distribution  of  ozone  and  its 
variations  are  given  below — 

(1)  Latitudinal  variations  of  total  ozone 
(1957 — 1959)  in  different  months 
(Fig.  3). 

It  may  be  noted  that  the  mean 
monthy  ozone  amount  is  not  a 
function  of  the  latitude  only,  but  that 
there  are  regional  differences.  For 
example,  in  the  Indian  monsoon 
region,  the  ozone  amounts  are  abnor¬ 
mally  low,  while  according  to 
London,  there  are  three  ozone 
ridges  in  the  northern  hemisphere, 
one  over  eastern  N.  America,  one 
over  Central  Europe  and  a  third  over 
W.  Pacific.  The  large  and  rapid 
increase  in  ozone  amount  over  the 
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FIG. 4.  MONTHLY  MEAN  OZONE  AMOUNTS  AT  SELECTED 

STATIONS  0955-1959) 


Arctic  at  the  end  of  the  polar  night  is 
now  a  subject  of  intensive  study. 

(2)  Monthly  mean  ozone  amounts  at 
selected  stations — 

Uppsala  (60°N),  Aarhus  (56°N), 
Oxford  (52°N),  Arosa  (47°N), 
Tateno  (36°N),  Srinagar  (34°N)  and 
Mt.  Abu  (24°N)  (1955— 59)— Fig.  4. 
Please  note  the  unusually  large  values 
at  Aarhus  and  at  Tateno  (Japan). 

(3)  Percentage  frequencies  of  occurrence 

of  total  ozone  amounts  at  selected 
stations  in  March  and  October— 
(Tromso,  Oxford,  Arosa,  Tateno, 
Srinagar  and  Mt.  Abu)— Fig.  5. 

The  day-to-day  variations  of  ozone 
amount  are  largest  in  Tromso  and 
least  in  Mt.  Abu.  Note  the  large 


variations  in  Tateno  in  March 
compared  to  Srinagar. 

(4)  Rapid  rise  of  ozone  is  second  half  of 

winter  in  the  Arctic  (Fig.  6). 

(5)  Comparison  of  montldy  mean 

amounts  at  Resolute  (75°N)  and  at 
Halley  Bay  (75°S)  (MacDowall  1960) 
(Fig-  7). 

The  observations  are  centered  round  the 
respective  winter  solstices. 

In  the  Antarctic,  the  post-winter  rise  of 
ozone  is  delayed  till  summer,  and  the  rise  is 
markedly  weaker. 

Before  and  during  the  IGY,  special  atten¬ 
tion  was  devoted  by  a  few  investigators  to 
observations  and  study  of  the  vertical  distri¬ 
bution  of  ozone.  In  addition  to  the  Umkehr 
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method  which  involves  the  measurement  of 
zenith  sky  intensities  in  the  ultra-violet 

o 

between  3324  and  3055  A  at  low  altitudes  of 
the  sun,  other  methods  have  been  developed. 
Of  these,  the  method  of  infra-red  spectroscopy 
which  requires  the  measurement  from  the 
ground  of  the  absorption  caused  by  the 
atmosphere  of  the  solar  radiation  in  the  band 
9  •6/4  and  of  the  emission  of  the  same  radia¬ 
tion  from  the  sky  at  different  zenith  distances 
of  the  sun  has  been  developed  by  Adel  and 
Epstein,  Goody,  Walshaw  and  Roach,  and  by 
Migeotte  and  Vigroux.  According  to  Vigroux, 
the  method  is  capable  of  fixing  with  some 
precision  the  level  of  maximum  ozone  concen¬ 
tration.  Methods  using  an  optical  filter  in  the 
Hartley  region  of  the  spectrum  with  a  photo¬ 
cell  carried  in  a  balloon  has  been  developed  by 
Paetzold  and  by  Madame  Vassey  and  Rasool. 
Paetzold’s  instrument  has  been  used  in  Ger¬ 
many,  Switzerland  and  in  Congo.  But  perhaps 
the  most  significant  new  work  in  this  field  is 
the  development  of  a  light  balloon-borne 
chemical  ozone  sounde  by  Dr.  Brewer.  The 
instrument  measures  and  signals  the  current 
developed  between  platinum  electrodes  or 
between  a  platinum  electrode  and  a  silver 
electrode  in  a  solution  of  KI  over  which 
ozonised  air  has  been  passed.  The  method  can 
operate  continuously  and  can  measure  con¬ 
centrations  of  ozone  of  the  order  of  1  in  109  in 
20  seconds.  Brewer’s  instrument  with  its 
quick  response  to  changes,  has  been  found 
capable  of  showing  up  details  of  ozone 
distribution  with  height.  For  example,  there 
is,  almost  invariably,  a  sharp  increase  of  ozone 
observed  as  the  balloon  enters  the  stratos¬ 
phere.  But  more  work  seems  to  be  needed  to 
obtain  reliable  absolute  values  by  this 
method.  The  type  of  results  obtained  from 
Brewer  sondes  is  shown  in  Mr.  MacDowall’s 
diagram  showing  temperature  and  ozone 
distribution  over  Halley  Bay  (75°  S)  in 
summer  and  winter  (Fig.  8). 

In  July-August  1958,  an  inter-comparison 
of  the  following  four  methods  of  determining 
the  vertical  distribution  of  ozone  was  carried 
out  at  Arosa  (Brewer,  Dutsch  et  al.  1960). 

(a)  Umkehr  method  (Perl  and  Dutsch), 


F  10  5.  percentage  FREQUENCIES  of  occurrence 
OF  total  OZONE  AMOUNTS  AT  SELECTEO 

STATIONS.  (MAR. a  OCT.) 

(b)  Infra-red  spectroscopy  (Migeotte- 

Vigroux-Pastiels), 

(c)  Optical  Filter-method  (H.K.  Paet¬ 

zold),  and 

( d )  Balloon-borne  chemical  radiosonde 

(A.W.  Brewer). 

Examples  of  the  comparison  are  shown  in 
Fig.  9.  From  an  examination  of  these  results, 
Dr.  Dutsch  concluded  that  the  Umkehr 
method  over-estimates  the  height  of  the 
maximum  ozone  layer  and  under-estimates  its 
value.  In  other  words,  it  evens  out  the 
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FIG. 6.  LATE  WINTER  RISE  IN  OZONE  IN  THE  ARCTIC 


FIG. 7.  MONTHLY  MEAN  OZONE  AMOUNTS  (PROVISIONAL^  AT 
RESOLUTE  (75#n)AND  HALLEY  BAY(75*s) 


distribution  too  much.  It  is  also  insensitive 
to  changes  in  ozone  distribution  in  the  lowest 

12  km. 

In  spite  of  its  defects,  the  Umkehr  method 
has  been  used  extensively  in  India,  Switzer¬ 
land,  Japan  and  Canada  and  has  yielded 
results  of  substantial  value  and  importance.  It 
enables  an  estimate  to  be  made  of  the 


changes  in  ozone  amount  in  the  higher  ozone 
production  layer. 

3.  Transport  of  ozone  from  the  stratosphere  to  the 
troposphere 

From  an  analysis  of  representative  Umkehr 
curves  obtained  at  places  in  different  latitudes 
and  in  different  months,  it  is  possible  to  build 
up  an  over-all  general  picture  of  the  vertical 
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(  J.MACDOWALL) 

FIG.  8.  TWO  SOUNDINGS  OF  OZONE  AND  TEMPERATURE  AT 
HALLEY  BAY.  THE  CONSIDERABLE  CHANGE  \N  THE  FORM  OF  THE 
OZONE  LAYER  WHICH  OCCURS  FROM  WINTER  TO  SUMMER  \S 
SHOWN.  NOTE  THE  SIGNIFICANCE  OF  THE  TROPOPAUSE 


distribution  of  ozone  in  different  months  of 
the  year  (Ramanathan  and  Knlkarni  1960). 
Such  a  picture  for  the  months  March,  July 
and  November  is  presented  in  Fig.  10. 

As  the  ozone  amount  increases  from  Novem¬ 
ber  to  March,  the  increase  takes  place  mainly 
at  levels  below  25  km.  In  March  at  18  km, 
the  mean  ozone  amount  using  Vigroux’  co¬ 
efficients  changes  from  5xl0-3  cm  km-1 
at  the  equator  to  15  X  10-3  cm  km-1  at  70°. 
In  the  same  season,  there  is  a  tendency  for 
the  ozone  amounts  above  30  km  to  be  higher 
than  over  tropical  latitudes. 

In  the  latitude  range  25°  to  75°N,  the  ozone 
amount  in  March  from  ground  to  12  km  is  60 


to  70  per  cent  more  than  that  in  October- 
November.  An  amount  larger  than  this  should 
have  been  transported  down  from  above 
during  the  interval  as  some  ozone  would  have 
been  destroyed  in  the  troposphere.  The 
excess  ozone  in  0-12  km  in  March  over  that  in 
November  corresponds  to  about  30  per  cent  of 
the  mean  ozone  load  between  12  and  24  km  in 
the  period  November  to  March.  Allowing 
for  loss  at  the  ground  and  in  the  troposphere 
it  is  estimated  that  about  40  per  cent  of  the 
ozone  load  in  12  to  24  km  would  come  down 
below  12  km  in  winter  and  early  spring.  This 
result  may  be  compared  with  that  obtained 
from  measurements  of  stratospheric!  fallout. 


730 


a98 


K.  R.  RAMANATHAN 


(DR.  DUT5CH) 

FI6.9.  VERTICAL  OZONE  DISTRIBUTIONS 
FROM  BREWER-SONDE  AND  OTHER  METHODS 

THE  TOTAL  OZONE  AMOUNT  WAS 
0-310  Cm  FROM  DIRECT  SUN  OBSERVATION 
AND  0-289  Cm  COMPUTED  FROM  THE 
VERTICAL  DISTRIBUTION  OBTAINED  FROM. 
UMKEHR  OBSERVATIONS 


In  period  April  to  October  owing  to  the 
■much  greater  stability  of  the  stratosphere, 
weakness  of  the  circulation  and  the  gradual¬ 
ness  of  the  tropopause  transition  between 
tropical  and  middle  latitudes,  a  much  smaller 
percentage  of  ozone  may  be  expected  to  come 
down  into  the  troposphere. 


jfi.  Stratospheric  Circulation 

Studies  of  water  vapour  and  ozone  in  the 
atmosphere  raise  the  following  questions — 

(1)  How  is  the  persistent  dryness  of  the 
stratosphere  observed  at  45,000  to 
50,000  ft  over  U.K.  maintained? 

The  persistence  of  the  dryness  in  all  ascents 
and  the  limiting  value  of  the  frost-point  at 
190°K  demand  a  meridional  circulation  in  the 
lower  stratosphere  between  tropical  and 
higher  latitudes  as  envisaged  by  Brewer  and 
Dobson.  A  large-scale  exchange  of  air  will  not 
do. 

It  is  accepted  that  practically  all  the  ozone 
in  the  earth’s  atmosphere  is  created  by  the 
photo-chemical  action  of  sunlight  above  24  km. 
The  time  required  to  reach  photo-chemi¬ 
cal  equilibrium  when  the  equilibrium  is  dis¬ 
turbed  is  of  the  order  of  4  months  at  25  km,  a 
month  at  30  km.  a  week  at  35  km  and  a  day  at 
45  km.  Above  35  km,  ozone  can  re-form 
quickly  under  the  influence  of  sunlight. 
Between  about  24  km  and  the  tropopause, 
the  ozone  can  be  preserved  for  long  periods  of 
time.  In  the  troposphere,  the  ozone  is  des¬ 
troyed  after  variable  intervals  of  time. 

All  studies  of  vertical  distributions  have 
shown  that  the  greater  the  total  amount  of 
ozone,  the  greater  is  the  amount  below  24  km. 
The  additional  amount  is  stored  primarily 
above  the  tropopause,  but  substantial 
amounts  come  down  into  the  troposphere  in 
high  and  middle  latitudes  in  winter  and  spring. 
There,  it  is  destroyed  after  varying  intervals 
of  time. 

(2)  What  is  the  reason  for  the  rapid 
increase  in  the  total  ozone  content 
of  the  atmosphere  in  high  and  middle 
latitudes  in  the  second  half  of  winter 
and  spring?  (Godson  1960) 

This  cannot  be  due  to  an  increase  in  pro¬ 
duction  rate,  because  the  largest  increase 
takes  place  in  regions  where  there  is  little 
ozone-producing  radiation.  As  pointed  out 
many  years  ago  by  Dutsch  (1956),  the  pheno¬ 
menon  requires  a  northward  transport  of 
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ozone  at  ozone-creating  levels  from  middle  to 
high,  latitudes  and  a  downward  transport  at  the 
higher  latitudes.  It  should  be  emphasised  that 
over  regions  of  polar  night,  ozone  can  be 
accumulated  in  excess  of  the  amounts  corres¬ 
ponding  to  photo-chemical  equilibrium  at  the 
same  levels  in  the  sunlit  part  of  the  atmos¬ 
phere,  even  in  the  middle  and  upper  stratos¬ 
phere.  The  de-ozonising  radiations  are 
absent, 

A  large  scale  mixing  scheme  between 
middle  and  high  latitudes  at  levels  above 
25 — 30  km  in  which  air  ozonised  to  its  equi¬ 
librium  value  in  middle  latitudes  flows 
northward  into  the  dark  atmosphere  and  in 
its  place,  under-ozonised  air  from  the  polar 
night  region  flows  into  the  sunlit  area,  coupl¬ 
ed  with  a  gradual  sinking  of  the  air  in  higher 
latitudes  can  explain  the  rise  of  ozone  in  later 
winter  and  spring.  The  amplitude  of  tbe 
meridional  oscillation  and  the  rate  of  sinking 
have  however  to  be  sufficiently  large.  When 
large  scale  sinkings  of  air  associated  with 
sudden  stratospheric  warmings  took  place, 
we  may  expect  abnormally  high,  ozone 
amounts  in  the  middle  stratosphere  over 
polar  regions  and  also  large  rises  of  ozone. 
Upper  air  observations  in  the  Arctic  and 
Antarctic,  before  and  during  the  IGY,  have 
demonstrated  the  existence  of  cold  strato¬ 
spheric  lows  near  the  poles  during  winter 


with  rings  of  circumpolar  strong  winds. 
This  ozone  of  strong  winds  has  probably  a 
much  larger  amplitude  in  the  northern  hemis¬ 
phere  than  in  the  southern,  due  no  doubt  to 
the  distributions  of  continents  and  oceans 
(Wexler  and  Moreland  1958).  The  vortex 
breaks  down  earlier  in  the  Arctic.  These  break¬ 
downs  are  associated  with  explosive  warmings 
of  the  stratosphere  and  the  warming  extends 
from  above  downwards. 

We  have  thus  to  envisage  two  stratos¬ 
pheric  circulations:  One  a  persistent  meridio¬ 
nal  lower  stratosphere  circulation  associated 
with  the  equatorial  cold  tropopause.  This  is 
strongest  in  late  winter  and  early  spring. 
Another,  a  shortlived  winter  circulation  in 
the  middle  stratosphere  between  polar  regions 
and  middle  latitudes  associated  with  the  cold 
stratospheric  low  over  the  winter  pole. 

The  former  is  mainly  responsible  for  accu¬ 
mulating  ozone  and  dry  air  in  the  lower  part 
of  the  stratosphere  and  the  latter  for  the  rapid 
transportation  of  ozone  from  the  upper  ozone- 
creation  layer  to  the  ozone-preservation 
layer  in  the  second  half  of  winter. 
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Summary 

It  is  shown  that  there  is  a  bi-annual  variation  of  atmospheric  ozone  over  equatorial,  subtropical  and 
lower  middle  latitude  stations,  a  year  of  high  ozone  being  followed  by  one  of  low  ozone.  A  high  ozone  year 
in  the  sub-tropics  and  lower  middle  latitudes  corresponds  to  a  year  of  low  ozone  near  the  equator.  A  possible 
connexion  of  this  with  the  bi-annual  variation  of  zonal  winds  in  the  stratosphere  of  low  latitudes  is  indicated. 

\ 

1.  Introduction 

An  unexpected  fact  about  atmospheric  movements  which  has  been  recently  elucidated 
by  the  work  of  Ebdon  (1960,  1961),  Veryard  and  Ebdon  (1961),  and  Reed  et  al.  (1961),  is  the 
persistent  prevalence  successively  in  alternate  years  of  easterly  and  westerly  winds  in  the  equatorial 
stratosphere  at  18  to  30  km.  There  is  also  evidence  that  there  is  a  bi-annual  variation  of  tempera¬ 
ture  in  the  lower  equatorial  stratosphere,  with  lower  temperatures  in  a  year  of  easterly  winds. 

In  this  connexion,  the  following  facts  about  the  equatorial  stratosphere  may  be  recalled. 
Below  30  km,  there  is  a  strong  upward  gradient  of  ozone  mixing  ratio,  and  below  22  km,  the 
ozone  amount  under  conditions  of  photo-chemical  equilibrium  can  be  conserved  for  long  periods 
of  time  of  the  order  of  a  year  and  more.  The  winds  at  levels  between  18  and  24  km  over  the 
tropics  are  generally  weak.  The  question  therefore  arises  whether  there  are  any  slow  oscillatory 
changes  in  the  ozone  amount  at  these  levels  in  the  tropics  and  lower  middle  latitude  stratosphere 
which  may  be  responsible  for  year-to-year  changes  in  temperature  and  consequently  of  thermal 
winds. 

2.  Ozone  data 

An  examination  of  the  ozone  data  of  Indian,  Australian,  Japanese  and  Italian  stations  brings 
out  the  following  facts. 

(1)  The  total  ozone  amounts  observed  at  Mt.  Abu/ Ahmedabad  (25°-23°N)  and  of  Kodaikanal 
(10°N)  show  a  bi-annual  variation.  In  years  of  excess  ozone  at  Abu  (even  years),  there 
is  deficit  of  ozone  at  Kodaikanal  and  vice  versa  (Fig.  1).  The  ozone  amounts  at  Delhi 
and  Srinagar  behave  similarly  to  those  at  Abu/ Ahmedabad,  but  there  are  some  discre¬ 
pancies  in  the  Delhi  ozone  amounts  which  need  further  examination. 

(2)  The  ozone  amounts  at  Tateno*,  Japan  (36°N)  and  Rome  (42°N)  and  Elmas  (39°N)  in 
Italy  show  the  same  bi-annual  variation  as  that  at  Abu,  but  more  clearly  with  larger 
amplitudes. 

(3)  The  ozone  amounts  at  Aspendale  (38°S)  and  Brisbane  (27°S)  also  show  clear  bi-annual 
variation,  the  years  of  excess  ozone  being  the  same  as  those  at  Tateno  and  Rome  and 
alternate  to  those  at  Kodaikanal,  but  with  the  season  of  maximum  displaced  to  the 
southern  spring. 

(4)  An  analysis  of  the  vertical  distribution  of  ozone  over  Aspendale  by  Kulkarni  (1962) 
and  that  over  Tateno  shows  that  there  is  in  general,  for  the  same  total  ozone  amount, 
more  ozone  at  18-24  km  over  Aspendale  than  over  Tateno. 

It  may  be  mentioned  that  the  ozone  data  of  Shanghai  (31°N)  taken  during  the  years  1937-42 
show  a  similar  bi-annual  variation  with  excess  ozone  in  even  years  as  at  Abu  and  Tateno.  Arosa 
data  do  not  show  any  obvious  bi-annual  variation,  but  a  more  detailed  analysis  is  being  made. 

*  The  Tateno  ozone  data  of  1955  and  1956  have  been  excluded  from  consideration,  because  of  the  following  note  published 
in  ].  Aerol.  Observatory,  Tateno,  6,  No.  2,  Annex  5;  '  Before  21  February  (1957),  the  condition  of  the  instrument  was  '  insufficient.’ 
In  the  period  from  21  February  to  30  June  (1957)  additional  observations  were  made  after  the  direction  of  the  I.O.C.’ 
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MONTHLY  MEAN  ZONAL  WINDS  (50  MB) 


In  Fig.  2,  the  zonal  components  of  wind  at  50  mb  over  Canton  Island  (3°S),  Ascension  Is. 
(8°S),  and  Nandi  (18°S)  are  shown  (after  Ebdon  (1961)  and  Farkas  (1961)).  At  Ascension,  the 
easterly  winds  die  out  in  alternate  years,  while  at  Nandi  in  the  Fijis,  they  remain  westerly,  but 
weaken. 

The  fol' owing  interesting  relationships  emerge  : 

(a)  A  year  of  high  ozone  in  the  sub-tropics  and  lower  middle  latitudes  is  also  a  year  of 
low  ozone  over  Kodaikanal. 

(b)  The  succeeding  year  of  low  ozone  in  the  sub-tropics  is  a  year  of  high  ozone  over  the 
equator  (represented  by  Kodaikanal). 

Easterly  winds  prevail  over  the  Equator  when  the  equatorial  ozone  amount  is  increasing 
(and  mid-latitude  ozone  amount  is  decreasing),  and  westerly  winds  when  the  equatorial  ozone  is 
decreasing  (and  mid-latitude  ozone  amount  is  increasing).  The  alternating  change  in  the  equatorial 
wind  system  commences  each  year  sometime  in  the  northern  spring. 

The  problem  is  complex,  but  the  following  is  a  tentative  picture. 

Persistent  easterly  winds  over  the  equator  at  18-24  km  would,  owing  to  tendency  to  conserve 
angular  momentum,  produce  slow  descent  from  above  (where  ozone  mixing  ratio  is  higher) 
and  some  inflow  from  the  stratospheric  ozone  reservoir  in  higher  latitudes,  causing  an  increase 
in  ozone  amount.  The  increased  ozone  will  warm  up  the  lower  equatorial  stratosphere  (Hitschfeld 
and  Houghton  1961)  and  change  the  stratospheric  winds  to  westerly.  This  will  lead  to  upward 
movement,  outflow  of  air  to  higher  latitudes,  loss  of  ozone,  cooling  and  re-establishment  of 
equatorial  easterly  winds.  The  bi-annual  periodicity  of  winds  and  ozone  suggests  that  one  year 
is  too  short  a  time  for  the  meridional  inter-mixing  of  air  between  the  equatorial  and  middle- 
latitude  lower  stratosphere,  but  that  two  years  are  enough. 


735 


542 


K.  R.  RAMANATHAN 


3.  Bi-annual  sequence  of  events  at  18-24  km  over  the  tropical  tropopause 

Summarizing,  the  suggested  sequence  is  as  follows  : 

Thermal  geostrophic  easterly  winds. 

Downward  movement  of  air  over  the  equator  and  equatorward  transport  from  middle 
latitudes. 

Increase  of  ozone  over  equator  in  the  photo-chemically  protected  region  and  decrease  over 
sub-tropics. 

Warming  of  lower  equatorial  stratosphere  and  westerly  winds. 

Upward  movement  of  air  over  equator  and  poleward  meridional  flux  of  ozone. 

Decrease  of  ozone  over  equator  and  increase  over  sub-tropics  and  lower  middle  latitudes. 

Thermal  geostrophic  easterly  winds. 

We  do  not  at  present  have  enough  upper  wind  and  vertical  ozone  distribution  data  to  check 
these  suggestions.  They  may  be  forthcoming  in  the  next  few  years. 
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III.  INTRODUCTORY  NOTE  ON  ATMOSPHERIC  OZONE 
OBSERVATIONS  IN  IGY  AND  IGC 

by  K.  R.  Ramanathan 

Nearly  60  stations  took  part  in  ozone  observations  during  the  IGY,  of  which  10  were  in 
the  Arctic  (including  a  floating  ice-island).  There  were,  however,  only  9  stations  in  the 
southern  hemisphere,  1  near  the  Equator  in  Africa,  3  in  Australia,  1  in  the  South  Pacific, 
and  4  in  the  Antarctic. 

Table  1  gives  the  fist  of  stations  arranged  in  order  of  latitude  from  north  to  south  and 
Tables  2  to  6  give  the  monthly  mean  ozone  amounts  at  each  station,  together  with  the 
number  of  days  of  observation  on  which  the  means  are  based.  Data  of  47  stations  were 
available  for  1957,  56  for  1958  and  55  for  1959. 

Most  stations  used  the  Dobson  spectrophotometer  for  the  measurement  of  total  ozone. 

(i)  In  Japan,  spectrophotometers  of  the  Dobson  type  made  in  Japan  were  used  at  a 
number  of  stations,  and  they  were  all  intercompared  with  a  standard  Dobson  spectro¬ 
photometer  at  Tateno. 

(ii)  In  U.S.S.R.,  a  Dobson  spectrophotometer  was  used  at  Leningrad.  At  other  places, 
instruments  developed  in  the  U.S.S.R.  were  used.  They  included: 

(a)  Quartz  spectrophotometer  with  photocell; 

(b)  Spectrophotometer  with  grating ;  and 

(c)  Instruments  with  optical  light  filters  and  photocells. 

All  the  instruments  were  intercompared,  but  the  differences  between  the  results 
obtained  with  different  types  of  spectrophotometer  were  apparently  much  larger  than 
results  with  different  Dobson  spectrophotometers. 

(iii)  At  Haute  Province  and  Dumont  d’Urville  (Terre  Adelie)  observations  were  made 
by  spectrophotometry  of  starlight. 

Sir  Charles  Norm  and  examined  the  ozone  data  supplied  on  IGY  forms  and  found 
that  large  diurnal  variations  were  apparent  at  Tamanrasset,  Quetta,  Caribou,  Bismarck 
and  Leopoldville.  Owing  to  large,  and  sometimes  surprisingly  abnormal,  values  found  at 
some  of  these  places,  and,  in  addition,  at  Dumont  d’Urville,  Elbruz  and  Elmas,  it  is 
suggested  that  the  data  for  each  individual  day  for  these  places  should  be  scrutinized 
before  they  are  used  for  critical  work. 

On  the  whole,  the  IGY  observations  have  clearly  shown  that  there  are  pronounced 
differences  in  ozone  distribution,  which  are  related  to  the  longitude,  particularly  in  late 
winter  and  spring.  There  is  in  general  more  ozone  over  Canada  than  over  the  East  Pacific, 
more  over  Central  Europe  than  over  the  East  Atlantic  and  more  over  Siberia  and  Japan 
than  over  Central  Asia  and  India  (see  Figs.  1  and  2).  The  observations  in  the  southern 
hemisphere  suggest  that  the  spring  ozone  maximum  near  55°S  was  separated  from  the 
summer  maximum  in  the  polar  cap  (Fig.  3). 
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Table  1 

Ozone  stations  with  IGY  station  numbers  arranged  according  to 

LATITUDE,  NORTH  TO  SOUTH 


IGY  Number 

Station 

Latitude 

Longitude 

Remarks 

1 

2 

3 

4 

5 

A006 

Alert 

N  82°  30' 

W  62°  22' 

Moon  observations  Oct. -March 

A010 

Murchison  Bay 

N  80°  03' 

E  18°  18' 

Observations  in  March-Aug.  1958 
only 

AO  15 

Longyearbyen 

N  78° 13' 

E  15°  40' 

Observations  only  in  summer  and 
early  autumn 

a030 

Resolute 

N  74°  43' 

W  94°  59' 

Moon  observations  Oct.-Feb. 

A033 

Dixon  Is. 

N  73°  30' 

E  80°  24' 

Sun  observations  mainly  in  summer 

A047 

Tromso 

N  69°  40' 

E  18°  57' 

A103 

Reykjavik 

N  64°  08' 

W  21°  54' 

A140 

Lerwick 

N  60°  08' 

W  01° 11' 

b501 

Leningrad- 

Voeikovo 

N  59°  57' 

E  30° 42' 

b003 

Uppsala 

N  59°  52' 

E  17°  38' 

B367 

Aarhus 

N  56°  08' 

E  10° 12' 

Values  rather  high 

B038 

Eskdalemuir 

N  55° 19' 

W  03° 12' 

al56 

Edmonton 

N  53°  34' 

W  113°  31' 

B127 

Potsdam 

N  52°  23' 

E  13°  04' 

Few  observations  in  winter  and 
spring 

b571 

Oxford 

N  51°  46' 

W  01°  16' 

B368 

Dresden 

N  51°  17' 

E  13°  41' 

A168 

Moosonee 

N  51°  16' 

W  80°  39' 

B122 

Uccle 

N  50°  48' 

E  04°  21' 

b588 

Camborne 

N  50°  13' 

W  05°  19' 

b600 

bl56 

j  Paris-Montsouris 

N  48° 50' 

E  02°  20' 

In  July-Sept.  1957,  observations 
were  taken  at  Magny  les 
Hameaux,  later  at  Montsouris 

bll8 

Weissenau 

N  47°  46' 

E  09°  35' 

B193 

Caribou 

N  46° 52' 

W  68°  01' 

Started  in  March  1958.  Apparent 
large  diurnal  variation. 

B166 

Arosa 

N  46°  47' 

E  09°  41' 

b628 

Bismarck 

N  46°  46' 

VV  100°  46' 

B530 

Green  Bay 

N  44°  29' 

W  88°  08' 

B247 

Haute  Provence 

N  43° 55' 

E  05°  43' 

Observations  made  on  stars 

c047 

Elbrus  Mt. 

N  43°  25' 

E  42°  30' 

Large  variations  with  some  ab¬ 
normally  low  values — U.S.S.R. 
instrument 

c050 

Alma  Ata 

N  43°  15' 

E  76° 56' 

U.S.S.R.  instrument 

c05 1 

Vladivostok 

N  43°  07' 

E  131° 54' 

U.S.S.R.  instrument 

C052 

Sapporo 

N  43°  03' 

E  141°  19' 

C149 

Vigna  di  Valle 

N  42°  05' 

E  12°  13' 

C071 

Abastumani 

N  41°  45' 

E  42° 50' 

U.S.S.R.  instrument 

c083 

Napoli 

N  40°  53' 

E  14° 17' 

C087 

Elmas 

N  39° 14' 

E  09°  03' 

Occasional  large  discrepancies 

b313 

Washington  D.C. 

N  38° 51' 

W  77°  02' 

B399 

Silver  Hill 

N  38°  50' 

W  76°  57' 

C121 

Messina 

N  38° 12' 

E  16°  33' 

CI53 

Tateno 

N  36°  03' 

E  140°  08' 

Note  large  difference  from  Srinagar 
values 

C337 

Srinagar 

N  34°  04' 

E  74° 62' 

cl56 

Habbaniya 

N  33°  22' 

E  43°  34' 

cl  65 

Fort  Worth 

N  32°  46' 

W  97°  25' 

C243 

Kagoshima 

N  31°  34' 

E  130°  33' 

C248 

Torishima 

N  30°  29' 

E  140°  18' 

C251 

Quetta 

N  30° 11' 

E  66° 57' 

AD  values  abnormally  low  in  July 
1957-Feb.  1958  and  high  in 
March-Dec.  1958.  C  values 
compare  better  with  Indian 
values. 
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Table  1  (contd.) 


IGY  Number 

Station 

Latitude 

Longitude 

Remarks 

1 

2 

3 

4 

5 

E498 

New  Delhi 

N  28°  35' 

E  77°  12' 

E512 

Mt.  Abu 

N  24°  36' 

E  72°  43' 

e513 

Marcus  Is. 

N  24°  17' 

E  153° 58' 

Compare  with  Mt.  Abu 

C273 

Tamanr  asset 

N  22°  48' 

E  05°  31' 

Large  and  unexpected  variations. 
WMO  sheets  contain  on  many 
days  noon  observations  only 

E457 

Mauna  Loa 

N  19°  32' 

W  155°  35' 

E566 

Kodaikanal 

N  10°  14' 

E  77°  29' 

e63I 

Leopoldville- 

Binza 

S  04°  19' 

E  15° 19' 

C918 

Brisbane 

S  27°  29' 

E  153°  02' 

b894 

Melbourne- 

Aspendale 

S  38°  01' 

E  145°  06' 

B973 

Wellington 

S  41° 17' 

E  174°  46' 

A96I 

Macquarie  Is. 

S  54°  30' 

E  158° 57' 

A973 

Argentine  Is. 

S  65°  15' 

W  64°  16' 

Generally  smaller  amounts  than 
at  Macquarie  Is. 

A979 

Dumont  d’Urville 
(Terre  Adelie) 

S  66°  40' 

E  140°  or 

Unusually  large  day-to-day  vari¬ 
ations.  Winter  observations  on 
stars. 

A989 

Halley  Bay 

S  75°  31' 

W  26°  36' 

A995 

Little  America 

S  78°  11' 

W  162°  10' 

_ 

Umkehr  observations  for  determining  the  vertical  distribution  of  ozone  were  taken 
at  23  stations  (see  for  example  Figs.  4  and  5),  including  in  particular  Arosa,  stations  in 
Japan,  Canada  and  India,  Quetta,  Eskdalemuir,  Reykjavik,  Resolute  and  Halley  Bay, 
but  all  the  observations  have  not  yet  been  processed.  The  infrared  method  developed 
by  Migeotte  and  Vigroux  was  used  in  France  and  Switzerland.  Paetzold  and  Vassy 
ozone-sondes  with  optical  filters  and  photo-cells  were  used  at  a  number  of  places  for  deter¬ 
mining  the  total  ozone  between  the  radiosonde  and  the  sun.  Brewer  and  Milford 
developed  a  light  ozone  sonde  based  on  the  chemical  method  which  could  be  used  with  the 
transmitter  of  the  standard  British  radiosonde.  These  instruments  give  the  detailed  struc¬ 
ture  of  the  distribution  of  ozone  in  the  atmosphere  and  ascents  made  with  them  generally 
showed  sharp  increases  in  ozone  at  or  near  the  tropopause.  Ascents  with  the  Brewer  sonde 
were  made  at  Liverpool  (see  Fig.  6),  Tromso,  Malta  and  Halley  Bay  (see  Fig.  7).  An  inter¬ 
comparison  of  the  four  different  methods  of  determining  the  vertical  ozone  distribution 
was  made  at  Arosa  in  July-August  1958  (see  Fig.  8). 

Examples  of  vertical  distributions  of  ozone  and  of  ozone-mixing  ratio  are  given  in 
Figs.  4  to  8.  The  analysis  of  the  umkehr  observations  shows  that  higher  ozone  amounts 
almost  always  imply  higher  ozone  concentrations  in  the  lower  stratosphere  and  upper 
troposphere.  Ozonesonde  observations  confirm  this.  Figure  9  shows  the  seasonal  variation 
in  the  mean  vertical  distribution  of  ozone  over  Arosa  according  to  Dutsch. 

An  important  finding  resulting  from  the  IGY  observations  was  that  the  spring  rise  in 
ozone  in  high  and  middle  latitudes  was  associated  with  the  break-up  and  warming  of  the 
polar  stratospheric  vortex.  Figure  10  shows  the  changes  in  ozone  amount  at  Reykjavik 
associated  with  the  stratospheric  warming  in  January-February  1958.  The  changes  in 
the  temperature  structure  of  the  atmosphere  over  Fort  Churchill  connected  with  the  same 
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Table  2 


Mean  monthly  ozone  amounts  in  milli-atmo-cm  and  number  of  days  of 
OBSERVATION  IN  EACH  MONTH  (JULY-DECEMBER  1957) 


Station 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Alert 

323  (27) 

298  (31) 

293  (8) 

235  (2) 

258  (3) 

263  (7) 

Murchison  Bay 

— 

— 

— 

— 

— 

— 

Longyearbyen 

304  (23) 

288  (19) 

273  (20) 

282  (14) 

— 

— 

Resolute 

346  (18) 

314  (22) 

315  (6) 

320  (1) 

342  (5) 

299  (6) 

Dixon  Is. 

425  (10) 

382  (16) 

— 

— 

— 

— 

Tromso 

309  (29) 

305  (25) 

291  (26) 

277  (30) 

282  (27) 

273  (29) 

Reykjavik 

323  (13) 

314  (31) 

293  (29) 

303  (26) 

272  (25) 

301  (20) 

Lerwick 

354  (24) 

327  (29) 

312  (30) 

276  (30) 

292  (15) 

238  (1) 

Leningrad- V  oeikovo 

357  (27) 

341  (20) 

325  (13) 

307  (8) 

296  (2) 

Uppsala 

322  (31) 

316  (26) 

317  (16) 

283  (24) 

262  (24) 

275  (23) 

Aarhus 

365  (31) 

353  (31) 

346  (26) 

294  (30) 

301  (28) 

316  (27) 

Eskdalemuir 

332  (3) 

341  (1) 

311  (1) 

289  (23) 

297  (24) 

300  (16) 

Edmonton 

325  (30) 

306  (23) 

276  (23) 

281  (25) 

293  (25) 

315  (24) 

Potsdam 

306  (14) 

341  (19) 

318  (9) 

305  (9) 

293  (6) 

314  (2) 

Oxford 

349  (31) 

338  (31) 

306  (28) 

275  (30) 

297  (28) 

295  (27) 

Moosonee 

330  (22) 

334  (30) 

310  (24) 

301  (26) 

310  (15) 

348  (30) 

Uccle 

306  (9) 

302  (4) 

308  (11) 

270  (6) 

338  (2) 

— 

Camborne 

310  (30) 

305  (28) 

276  (27) 

252  (26) 

282  (29) 

290  (22) 

Paris-Montsouris 

328  (8) 

328  (10) 

306  (16) 

273  (13) 

311  (10) 

306  (13) 

Weissenau 

293  (14) 

293  (16) 

279  (15) 

290  (14) 

— 

352  (1) 

Caribou 

— 

— 

— 

— 

— 

Arosa 

315  (24) 

308  (26) 

288  (24) 

267  (28) 

282  (24) 

317  (18) 

Bismarck 

296  (29) 

288  (26) 

280  (22) 

252  (19) 

262  (18) 

305  (18) 

Green  Bay 

— 

— 

— 

— 

— 

Haute  Provence 

— 

— 

— 

263  (11) 

296  (1) 

292  (11) 

Elbrus  Mt. 

— 

— 

— 

— 

272  (2) 

250  (5) 

Alma  Ata 

— 

— 

— 

— 

243  (7) 

233  (5) 

Vladivostok 

— 

270  (5) 

278  (25) 

269  (15) 

301  (10) 

— 

Sapporo 

— 

— 

— 

— 

— 

— 

Vigna  di  Valle 

327  (31) 

313  (31) 

307  (30) 

292  (31) 

302  (30) 

326  (30) 

Abastumani 

278  (11) 

272  (24) 

258  (23) 

272  (21) 

279  (6) 

299  (10) 

Napoli 

— 

— 

— 

— 

— 

— 

Elmas 

310  (31) 

300  (20) 

293  (28) 

297  (29) 

289  (27) 

302  (29) 

Washington  D.C. 

325  (17) 

321  (14) 

291  (9) 

303  (17) 

288  (12) 

300  (9) 

Messina 

328  (25) 

316  (10) 

285  (30) 

269  (31) 

260  (30) 

258  (30) 

Tateno 

311  (31) 

285  (31) 

289  (28) 

274  (30) 

274  (30) 

311  (30) 

Srinagar 

263  (31) 

263  (28) 

265  (16) 

264  (22) 

258  (22) 

259  (16) 

Habbaniya 

293  (31) 

289  (30) 

286  (30) 

281  (31) 

294  (29) 

295  (31) 

Kagoshima 

— 

— 

— 

— 

— 

— 

Torishima 

— 

— 

— 

— 

253  (18) 

262  (22) 

Quetta 

215  (30) 

211 (30) 

220  (30) 

219  (31) 

218  (25) 

232  (28) 

New  Delhi 

243  (30) 

257  (26) 

261  (21) 

247  (30) 

229  (30) 

241  (28) 

Mt.  Abu 

231  (16) 

229  (14) 

230  (26) 

226  (28) 

219  (28) 

224  (29) 

Marcus  Is. 

— 

— 

— 

- . 

— 

Tamanrasset1 

— 

— 

206  (1) 

229  (19) 

251  (18) 

186  (10) 

Mauna  Loa 

— 

— 

— 

— 

262  (1) 

258  (17) 

Kodaikanal 

233  (14) 

236  (12) 

239  (24) 

236  (9) 

214  (11) 

220  (15) 

Leopoldville-Binza 

— 

— 

— 

— 

— 

— 

Brisbane 

283  (24) 

302  (24) 

325  (24) 

315  (25) 

297  (21) 

302  (24) 

Melbourne- Aspendale 

350  (30) 

355  (31) 

365  (30) 

349  (30) 

333  (30) 

318  (29) 

Wellington 

314  (17) 

329  (18) 

349  (16) 

342  (18) 

347  (13) 

310  (14) 

Macquarie  Is. 

356  (6) 

353  (5) 

373  (3) 

428  (6) 

381  (2) 

— 

Argentine  Is. 

284  (1) 

268  (19) 

274  (30) 

289  (31) 

313  (30) 

305  (31) 

Dumont  d’Urville 

— 

— 

— 

— 

— 

— 

(Terre  Adelie) 

Halley  Bay 

271  (4) 

298  (2) 

281  (1) 

319  (29) 

393  (30) 

346  (31) 

Little  America 

346  (3) 

535  (2) 

286  (16) 

333  (27) 

412  (28) 

1  Only  near-noon  values. 
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Table  3 


Mean  monthly  ozone  amounts  in  milli-atmo-cm  and  number  of  days  of 
OBSERVATION  IN  EACH  MONTH  (jAN.-JUNE  1958) 


Station 

Jan. 

Feb. 

March 

April 

May 

June 

Alert 

259  (2) 

480  (4) 

509  (3) 

468  (25) 

430  (29) 

353  (29) 

Murchison  Bay 

— 

— 

373  (9) 

341  (27) 

Longyearbyen 

— 

— 

— 

— 

— 

348  (23) 

Resolute 

377  (2) 

503  (4) 

500  (22) 

488  (29) 

419  (24) 

377  (30) 

Dixon  Is. 

— 

— 

528  (7) 

576  (10) 

444  (7) 

Tromso 

336  (30) 

476  (28) 

465  (28) 

425  (29) 

399  (30) 

362  (28) 

Reykjavik 

345  (21) 

421  (23) 

427  (28) 

409  (27) 

401  (30) 

347  (29) 

Lerwick 

235  (1) 

407  (24) 

410  (31) 

398  (30) 

413  (31) 

356  (30) 

Leningrad- Voeikovo 

— 

459  (6) 

467  (22) 

434  (21) 

389  (18) 

365  (21) 

Uppsala 

331  (22) 

429  (20) 

448  (26) 

413  (28) 

369  (27) 

356  (28) 

Aarhus 

366  (26) 

447  (24) 

471  (28) 

443  (31) 

405  (29) 

393  (30) 

Eskdalemuir 

344  (18) 

389  (19) 

415  (25) 

379  (14) 

398  (28) 

366  (26) 

Edmonton 

317  (16) 

— 

431  (19) 

424  (29) 

366  (31) 

352  (30) 

Potsdam 

353  (5) 

389  (2) 

374  (1) 

389  (4) 

330  (14) 

349  (11) 

Oxford 

346  (24) 

352  (23) 

399  (31) 

406  (29) 

397  (29) 

379  (29) 

Moosonee 

360  (31) 

421  (28) 

400  (24) 

439  (30) 

422  (31) 

389  (30) 

Uccle 

— 

— 

366  (4) 

395  (1) 

384  (4) 

346  (8) 

Camborne 

325  (15) 

348  (12) 

368  (30) 

378  (29) 

370  (31) 

356  (29) 

Paris-Montsouris 

376  (21) 

377  (18) 

410  (27) 

410  (23) 

367  (26) 

364  (24) 

Weissenau 

— 

- - 

346  (3) 

385  (12) 

336  (4) 

337  (4) 

Caribou 

1 - 

— 

— 

360  (6) 

385  (30) 

372  (23) 

Arosa 

344  (24) 

338  (17) 

394  (23) 

396  (19) 

359  (25) 

351  (21) 

Bismarck 

333  (17) 

375  (15) 

393  (25) 

406  (29) 

353  (30) 

349  (29) 

Green  Bay 

— 

- - 

383  (13) 

379  (19) 

361  (29) 

340  (23) 

Haute  Provence 

309  (10) 

280  (2) 

331  (1) 

— 

— 

Elbrus  Mt. 

292  (7) 

331  (7) 

367  (5) 

402  (3) 

339  (19) 

303  (16) 

Alma  Ata 

280  (3) 

305  (7) 

289  (5) 

282  (3) 

286  (9) 

283  (11) 

Vladivostok 

— 

— 

364  (10) 

322  (15) 

263  (8) 

Sapporo 

— 

435  (22) 

466  (27) 

428  (27) 

416  (31) 

383  (29) 

Vigna  di  Valle 

358  (31) 

368  (28) 

408  (31) 

412  (30) 

358  (31) 

352  (30) 

Abastumani 

314  (10) 

358  (13) 

365  (6) 

352  (7) 

309  (13) 

311  (13) 

Napoli 

— 

— 

• - 

— 

— 

— 

Elmas 

323  (31) 

338  (27) 

354  (31) 

374  (30) 

346  (29) 

334  (30) 

Washington  D.C. 

330  (9) 

373  (18) 

360  (15) 

367  (26) 

364  (27) 

333  (28) 

Messina 

339  (27) 

378  (26) 

329  (28) 

346  (27) 

336  (29) 

346  (28) 

Tateno 

321  (29) 

341  (27) 

396  (31) 

362  (30) 

357  (31) 

338  (29) 

Srinagar 

280  (20) 
314  (31) 

291  (10) 

292  (21) 

291  (29) 

305  (30) 

288  (30) 

Habbaniya 

339  (28) 

- - 

— 

— 

— 

Kagoshima 

— 

— 

319  (28) 

338  (22) 

323  (26) 

328  (27) 

Torishima 

277  (25) 

298  (28) 

336  (31) 

339  (30) 

339  (28) 

335  (27) 

Quetta1 

245  (25) 

252  (26) 

291  (25) 

294  (24) 

298  (22) 

286  (29) 

New  Delhi 

264  (30) 

267  (28) 

268  (31) 

247  (30) 

241  (31) 

257  (29) 

Mt.  Abu 

240  (29) 

243  (28) 

259  (31) 

258  (29) 

251  (31) 

253  (24) 

Marcus  Is. 

227  (29) 

245  (28) 

252  (30) 

269  (30) 

290  (21) 

mm 

Tamanrasset2 

n 3  (25) 

195  (18) 

227  (19) 

259  (12) 

21  ■'  (18) 

185  (3) 

Mauna  Loa 

256  (29) 

251  (26) 

270  (25) 

285  (28) 

287  (28) 

284  (29) 

Kodaikanal 

226  (25) 

223  (21) 

234  (28) 

246  (20) 

212  (17) 

248  (13) 

Leopoldville-Binza 

257.  (25) 

252  (25) 

251  (27) 

247  (28) 

237  (25) 

243  (27) 

Brisbane 

293  (19) 

273  (22) 

281  (30) 

291  (23) 

W2  (28) 

301  (20) 

Melbourne- Aspendal  e 

316  (29) 

295  (24) 

297  (31) 

280  (30) 

296  (31) 

348  (30) 

Wellington 

294  (17) 

271  (16) 

261  (17) 

270  (18) 

281  (14) 

319  (19) 

Macquarie  Is. 

332  (21) 

304  (13) 

331  (19) 

349  (21) 

337  (9) 

394  (13) 

Argentine  Is. 

295  (31) 

259  (28) 

242  (31) 

249  (26) 

289  (4) 

302  (2) 

Dumont  d’Urville 

— 

233  (5) 

239  (5) 

277  (3) 

238  (8) 

276  (14) 

(Terre  Adelie) 

Halley  Bay 

332  (31) 

299  (28) 

280  (28) 

254  (3) 

252  (2) 

253  (4) 

Little  America 

310  (17) 

300  (7) 

280  (1) 

295  (1) 

335  (1) 

— 

1  Only  C  values  used.  2  Only  near  noon  values. 
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Table  4 


Mean  monthly  ozone  amounts  in  milli-atmo-cm  and  number  of  days  of 
OBSERVATION  IN  EACH  MONTH  (jULY-DECEMBER  1958) 


1 

Station 

i 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Alert 

332  (29) 

290  (31) 

299  (14) 

324  (4) 

370  (6) 

Murchison  Bay 

312  (27) 

273  (7) 

— 

— 

— 

— 

Longyearbyen 

329  (23) 

293  (28) 

295  (25) 

— 

— 

— 

Resolute 

347  (31) 

307  (31) 

323  (30) 

341  (5) 

428  (10) 

319  (5) 

Dixon  Is. 

336  (13) 

307  (4) 

— 

343  (4) 

— 

— 

Tromso 

324  (25) 

287  (27) 

289  (28) 

279  (26) 

299  (27) 

293  (22) 

Reykjavik 

330  (31) 

325  (31) 

302  (30) 

306  (24) 

306  (9) 

338  (23) 

Lerwick 

344  (31) 

326  (31) 

289  (30) 

291  (31) 

258  (16) 

265  (3) 

Leningrad-Voeikovo 

357  (23) 

344  (17) 

301  (16) 

279  (8) 

268  (7) 

— 

Uppsala 

337  (29) 

312  (24) 

283  (28) 

282  (25) 

258  (18) 

323  (13) 

Aarhus 

367  (30) 

335  (30) 

310  (30) 

305  (31) 

301  (27) 

356  (24) 

Eskdalemuir 

357  (27) 

333  (28) 

300  (29) 

299  (30) 

287  (25) 

343  (23) 

Edmonton 

337  (30) 

300  (31) 

316  (30) 

295  (31) 

354  (30) 

356  (30) 

Potsdam 

322  (15) 

302  (15) 

284  (11) 

262  (4) 

— 

— 

Oxford 

361  (31) 

336  (31) 

293  (28) 

292  (31) 

278  (18) 

320  (23) 

Moosonee 

360  (31) 

341  (30) 

318  (30) 

319  (30) 

361  (29) 

387  (30) 

Uccle 

345  (5) 

— 

274  (21) 

269  (10) 

227  (2) 

348  (2) 

Camborne 

339  (30) 

319  (20) 

290  (18) 

278  (17) 

277  (27) 

340  (19) 

Par  is-Montsou  ris 

335  (26) 

311  (20) 

286  (15) 

294  (26) 

309  (22) 

372  (15) 

Weissenau 

301  (6) 

288  (1) 

283  (3) 

268  (3) 

— 

295  (1) 

Caribou 

348  (29) 

323  (29) 

294  (28) 

298  (26) 

306  (15) 

353  (26) 

Arosa 

337  (29) 

313  (27) 

287  (28) 

292  (21) 

289  (24) 

309  (20) 

Bismarck 

325  (31) 

296  (31) 

289  (30) 

285  (31) 

319  (26) 

328  (29) 

Green  Bay 

318  (23) 

305  (28) 

279  (25) 

277  (21) 

293  (2) 

349  (15) 

Haute  Provence 

— 

— 

— 

— 

— 

— 

Elbrus  Mt. 

252  (19) 

233  (22) 

231  (13) 

244  (17) 

245  (13) 

281  (7) 

Alma  Ata 

258  (17) 

235  (9) 

247  (13) 

253  (13) 

247  (2) 

286  (2) 

Vladivostok 

257  (5) 

285  (10) 

269  (10) 

319  (10) 

293  (22) 

288  (17) 

Sapporo 

329  (29) 

316  (30) 

304  (28) 

323  (29) 

329 (30) 

399  (27) 

Vigna  di  Valle 

328  (30) 

307  (31) 

302  (30) 

295  (31) 

316  (20) 

329  (28) 

Abastumani 

287  (14) 

288  (17) 

266  (9) 

260  (21) 

277  (14) 

300  (12) 

Napoli 

302  (27) 

273  (25) 

274  (25) 

262  (23) 

285  (21) 

311  (18) 

Elmas 

309  (31) 

297  (31) 

299  (29) 

299  (11) 

311  (19) 

318  (20) 

Washington  D.C. 

313  (31) 

313  (31) 

288  (30) 

296  (30) 

285  (29) 

316  (29) 

Messina 

339  (31) 

324  (31) 

321  (30) 

296  (31) 

319  (29) 

351  (30) 

Tateno 

314  (31) 

306  (31) 

287  (29) 

281  (28) 

277  (29) 

312  (30) 

Srinagar 

269  (22) 

269  (31) 

257  (27) 

255  (29) 

248  (28) 

251  (9) 

Habbaniya 

— 

— 

— 

— 

— 

— 

Kagoshima 

292  (30) 

281  (30) 

275  (30) 

271  (29) 

259  (29) 

289  (28) 

Torishima 

320  (30) 

307  (31) 

286  (29) 

261  (31) 

244  (27) 

257  (31) 

Quetta1 

270  (10) 

276  (27) 

262  (14) 

263  (28) 

263  (25) 

284  (16) 

New  Delhi 

251  (18) 

243  (22) 

240  (25) 

246  (28) 

243  (29) 

267  (30) 

Mt.  Abu 

246  (4) 

238  (16) 

243  (9) 

237  (25) 

£13  (25) 

242  (29) 

Marcus  Is. 

294  (31) 

283  (30) 

271  (30) 

272  (29) 

255  (30) 

251  (31) 

Tamanrasset2 

170  (15) 

212  (19) 

212  (20) 

213  (22) 

200  (11) 

193  (14) 

Mauna  Loa 

271  (29) 

270  (29) 

266  (30) 

264  (27) 

257  (27) 

25^(31) 

Kodaikannl 

248  (13) 

245  (4) 

241  (20) 

239  (11) 

237  (20) 

£11  (19) 

Leopoldville-Binza 

§?6  (30) 

249  (29) 

254  (29) 

254  (26) 

250  (25) 

244  (28) 

Brisbane 

310  (26) 

320  (26) 

346  (26) 

329  (20) 

320  (17) 

326  (5) 

Melbourne-Aspendale 

375  (28) 

369  (29) 

399  (29) 

386  (31) 

345  (30) 

328  (31) 

Wellington 

347  (16) 

339  (15) 

370  (22) 

364  (14) 

333  (15) 

289  (13) 

Macquarie  Is. 

378  (16) 

414  (26) 

411  (26) 

435  (31) 

391  (30) 

369  (22) 

Argentine  Is. 

278  (7) 

297  (14) 

323  (30) 

299  (31) 

349  (30) 

309  (31) 

Dumont  d’Urville 

279  (7) 

264  (5) 

184  (5) 

270  (17) 

312  (15) 

259  (14) 

(Terre  Adelie) 

Halley  Bay 

264  (5) 

301  (2) 

287  (17) 

301  (31) 

349  (30) 

381  (31) 

Little  America 

461  (1) 

~ 

334  (10) 

388  (1) 

1  Only  C  values  used.  2  Only  near  noon  values. 
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Table  5 


Mean  monthly  ozone  amounts  in  millx-atmo-cm  and  number  of  days  of 
OBSERVATION  IN  EACH  MONTH  (JANUARY-JUNE  1959) 


Station 

Jan. 

Feb. 

March 

April 

May 

June 

Longyearbyen 

337  (10) 

Resolute 

310  (5) 

413  (5) 

505  (22) 

490  (29) 

439  (28) 

371  (27) 

Dixon  Is. 

— 

— 

413  (20) 

397  (18) 

312  (16) 

Troms<^ 

343  (26) 

377  (26) 

405  (27) 

442  (27) 

388  (31) 

369  (25) 

Reykjavik 

329  (29) 

396  (19) 

439  (18) 

427  (18) 

367  (30) 

366  (24) 

Lerwick 

376  (5) 

344  (26) 

413  (31) 

419  (30) 

376  (30) 

360  (30) 

Leningrad 

388  (2) 

377  (8) 

391  (21) 

443  (18) 

414  (23) 

390  (23) 

Uppsala 

386  (12) 

346  (15) 

384  (20) 

403  (14) 

394  (17) 

362  (18) 

Aarhus 

422  (26) 

393  (28) 

428  (29) 

437  (28) 

410  (31) 

391  (30) 

Eskdalemuir 

375  (11) 

— 

413  (20) 

420  (28) 

388  (31) 

369  (29) 

Edmonton 

383  (29) 

417  (28) 

437  (31) 

421  (30) 

402  (31) 

361  (30) 

Potsdam 

— 

— 

353  (6) 

357  (9) 

363  (8) 

343  (7) 

Oxford 

379  (27) 

349  (26) 

400  (30) 

406  (28) 

397  (27) 

372  (28) 

Moosonee 

409  (31) 

460  (28) 

464  (31) 

446  (30) 

387  (30) 

373  (28) 

Dresden 

— 

— 

408  (14) 

412  (27) 

398  (25) 

377  (28) 

Camborne 

— 

386  (15) 

370  (28) 

343  (30) 

Paris-Montsouris 

396  (13) 

367  (19) 

403  (22) 

394  (25) 

387  (30) 

354  (30) 

Weissenau 

— 

329  (1) 

348  (11) 

359  (10) 

362  (2) 

341  (1) 

Caribou 

385  (22) 

401  (20) 

417  (23) 

389  (24) 

374  (16) 

354  (24) 

Bismarck 

354  (30) 

404  (28) 

414  (31) 

390  (29) 

380  (30) 

329  (30) 

Arosa 

349  (21) 

346  (27) 

347  (25) 

368  (22) 

367  (26) 

359  (8) 

Green  Bay 

390  (9) 

409  (13) 

407  (16) 

399  (18) 

353  (23) 

338  (25) 

Haute-Provence 

— 

— 

— 

— 

— 

— 

Elbrus  Mt. 

304  (4) 

— 

— 

— 

293  (1) 

292  (9) 

Alma-Ata 

- - 

- - 

- - 

— 

328  (6) 

319  (21) 

Vladivostok 

330  (24) 

345  (22) 

378  (26) 

394  (20) 

400  (24) 

363  (15) 

Sapporo 

452  (26) 

435  (28) 

438  (30) 

429  (27) 

406  (31) 

395  (30) 

Vigna  di  Valle 

366  (31) 

370  127) 

368  (30) 

387  (30) 

381  (21) 

365  (30) 

Abastumani 

314  (11) 

412  (2) 

355  (7) 

369  (18) 

329  (14) 

296  (11) 

Napoli 

342  (15) 

309  (14) 

331  (21) 

348  (23) 

338  (22) 

337  (23) 

Elmas 

324  (30) 

334  (25) 

345  (31) 

354  (29) 

358  (31) 

318  (30) 

Washington  D.C. 

336  (29) 

342  (27) 

365  (26) 

— 

— 

— 

Silver  Hill 

— 

— 

- - 

- * 

— 

— 

Messina 

376  (27) 

387  (28) 

375  (28) 

396  (30) 

385  (31) 

366  (30) 

Tateno 

326  (30) 

340  (28) 

358  (21) 

358  (30) 

369  (31) 

368  (30) 

Srinagar 

288  (10) 

289  (20) 

294  (27) 

285  (29) 

274  (16) 

272  (30) 

Fort  Worth 

— 

— 

— 

— 

— 

359  (4) 

Kagoshima 

287  (27) 

298  (24) 

302  (24) 

— 

— 

— 

Torishima 

259  (31) 

281  (26) 

304  (.29) 

306  (29) 

327  (31) 

318  (27) 

Quetta 

259  (21) 

259  (13) 

280  (26) 

281  (18) 

281  (16) 

277  (9) 

New  Delhi 

275  (26) 

275  (28) 

269  (31) 

272  (28) 

254  (30) 

257  (27) 

Mt.  Abu 

247  (27) 

244  (25) 

245  (27) 

257  (29) 

254  (29) 

261  (23) 

Marcus  Is. 

24(1(31) 

266  (28) 

267  (31) 

296  (30) 

311  (31) 

310  (30) 

Tamanrasset 

— 

303  (6) 

297  (21) 

301  (13) 

Mauna  Loa 

251  (27) 

265  (22) 

276  (30) 

282  (15) 

290  (10) 

SSti  (11) 

Kodaikanal 

1>26  (22) 

238  (20) 

239  (30) 

248  (16) 

260  (15) 

262  (10) 

B  i  mia-Ruanpara 

— . 

— 

— 

— 

— 

— 

Le< .  poldv  iile— Binza 

246  (22) 

247  (24) 

248  (25) 

253  (261 

254  (23) 

266  (24) 

Brisbane 

288  (16) 

283  (13) 

288  (16) 

296  (18) 

293  (18) 

286  (20) 

Mel  bourne-Aspendale 

296  (31) 

304  (28) 

301  (31) 

282  (29) 

310  (31) 

320  (30) 

Wellington 

285  (13) 

293  (15) 

279  (14) 

276  (20) 

318  (10) 

298  (16) 

Port-aux-Francais 

— 

— 

— 

— 

— 

— 

Macquarie  Is. 

329  (26) 

330  (8) 

- — - 

— 

— 

— 

Dumont  d’  Urville 

275  (7) 

— 

— 

— 

— 

— 

Halley  Bay 

359  (31) 

343  (28) 

304  (31) 

304  (9) 

267  (1) 

294  (6) 

1  Only  near  noon  values. 
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Table  6 


Mean  monthly  ozone  amounts  in  milli-atmo-cm  and  number  of  days  of 
OBSERVATION  IN  EACH  MONTH  (JULY-DECEMBER  1959) 


Station 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Longyearbyen 

324  (22) 

294  (16) 

267  (23) 

263  (14) 

Resolute 

325  (31) 

321  (31) 

315  (30) 

311  (1) 

282  (5) 

365  (2) 

Dixon  Is. 

284  (17) 

264  (13) 

260  (13) 

253  (2) 

— 

— 

Troms  <j> 

317  (25) 

301  (27) 

280  (29) 

267  (26) 

258  (27) 

203  (23) 

Reykjavik 

337  (27) 

315  (24) 

290  (21) 

286  (7) 

— 

— 

Lerwick 

330  (31) 

306  (31) 

283  (30) 

283  (31) 

310  (13) 

298  (2) 

Leningrad 

340  (27) 

328  (17) 

307  (12) 

301  (9) 

307  (5) 

242  (2) 

Uppsala 

318  (13) 

300  (19) 

284  (14) 

286  (12) 

304  (8) 

266  (4) 

Aarhus 

356  (31) 

337  (30) 

316  (30) 

312  (28) 

312  (28) 

315  (23) 

Eskdalemuir 

337  (26) 

312  (30) 

294  (28) 

293  (29) 

314  (13) 

333  (15) 

Edmonton 

337  (31) 

330  (31) 

312  (30) 

311  (31) 

307  (27) 

337  (31) 

Potsdam 

306  (7) 

289  (8) 

278  (12) 

301  (3) 

— 

— 

Oxford 

351  (30) 

324  (31) 

308  (28) 

299  (30) 

304  (25) 

308  (27) 

Moosonee 

374  (10) 

315  (22) 

322  (26) 

327  (30) 

355  (30) 

386  (21) 

Dresden 

347  (20) 

339  (30) 

312  (26) 

309  (26) 

— 

— 

Camborne 

330  (29) 

302  (29) 

289  (30) 

280  (25) 

303  (23) 

285  (11) 

Par  is-Mon  t  sour  is 

335  (30) 

323  (30) 

313  (30) 

305  (27) 

322  (29) 

350  (27) 

\\  eissenau 

— 

— 

— 

— 

— 

— 

Caribou 

333  (25) 

326  (27) 

317  (29) 

305  (26) 

309  (15) 

338  (23) 

Bismarck 

331  (31) 

305  (28) 

306  (18) 

301  (30) 

309  (28) 

347  (28) 

Arosa 

324  (26) 

313  (23) 

298  (27) 

280  (22) 

284  (21) 

310  (17) 

Green  Bay 

337  (27) 

293  (20) 

298  (16) 

268  (6) 

318  (13) 

338  (11) 

Haute-Provenec 

— 

— 

— 

289  (6) 

330  (4) 

353  (9) 

Elbrus  Mt. 

286  (8) 

284  (11) 

239  (6) 

248  (11) 

254  (4) 

246  (5) 

Alma-Ata 

311  (15) 

328  (18) 

297  (24) 

266  (12) 

245  13) 

214  (4) 

\  ladivostok 

305  (19) 

285  (10) 

266  (20) 

286  (23) 

295  (26) 

294  (25) 

Sapporo 

351  (18) 

313  (18) 

315  (27) 

316  (31) 

349  (27) 

388  (28) 

\  igna  di  Valle 

324  (31) 

327  (31) 

320  (29) 

310  (31) 

309  (26) 

354  (28) 

Abastumani 

291  (21) 

306  (15) 

297  (12) 

292  (15) 

277  (3) 

287  (7) 

Napoli 

278  (9) 

293  (24) 

286  (23) 

285  (23) 

281  (19) 

326  (15) 

Elmas 

297  (31) 

296  (31) 

291  (30) 

287  (30) 

287  (28) 

317  (29) 

Washington  D.C. 

— 

— 

— 

— 

— 

— 

Silver  Hill 

344  (28) 

327  (26) 

319  (27) 

288  (24) 

307  (23) 

330  (24) 

Messina 

342  (31) 

348  (31) 

330  (30) 

321  (30) 

320  (28) 

353  (28) 

Tateno 

322  (31) 

305  (31) 

293  (30) 

285  (31) 

283  (29) 

308  (29) 

Srinagar 

267  (28) 

257  (30) 

258  (25) 

249  (28) 

259  (29) 

281  (31) 

Fort  Worth 

345  (26) 

322  (28) 

302  (24) 

284  (23) 

297  (22) 

306  (17) 

Kagoshima 

294  (18) 

289  (25) 

279  (29) 

278  (30) 

261  (28) 

271  (30) 

Torishima 

292  (31) 

278  (28) 

269  (29) 

262  (29) 

248  (30) 

255  (31) 

Quetta 

267  (24) 

258  (19) 

262  (14) 

246  (26) 

260  (8) 

268  (13) 

Xew  Delhi 

246  (24) 

245  (27) 

244  (28) 

254  (4) 

255  (15) 

259  (31) 

Mt.  Abu 

— 

— 

249  (5) 

247  (18) 

237  (24) 

242  (29) 

Marcus  Is. 

303  (31) 

298  (31) 

288  (29) 

273  (31) 

263  (30) 

244  (30) 

Tamanrasset 

167  (15) 

212  (19) 

212  (20) 

213  (22) 

200  (11) 

193  (14) 

Mauna  Loa 

286  (25) 

285  (28) 

276  (19) 

264  (29) 

— 

— 

Kodaikanal 

266  (8) 

266  (12) 

260  (13) 

254  (9) 

237  (13) 

231  (16) 

Bunia-Ruanpara 

— 

264  (19) 

264  (26) 

260  (27) 

237  (28) 

219  (26) 

Leopoldville  Binza 

— 

— 

— 

— 

— 

— 

Brisbane 

295  (22) 

292  (17) 

313  (22) 

318  (21) 

311  (18) 

300  (17) 

M  elbo  urne-Aspendale 

319  (31) 

339  (31) 

352  (27) 

349  (31) 

322  (30) 

320  (31) 

Wellington 

311  (15) 

328  (14) 

321  (10) 

339  (10) 

329  (6) 

318  (11) 

Port-aux-Francais 

259  (3) 

295  (11) 

456  (3) 

579  (4) 

506  (2) 

520  (1) 

Macquarie  Is. 

— 

— 

— 

— 

— 

— 

Dumont  d’  Urville 

— 

— 

— 

— 

— 

— 

Halley  Bay 

320  (2) 

278  (1) 

296  (24) 

313  (31) 

320  (30) 

354  (31) 
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Fig.  1.  Total  ozone  amounts  in  the  northern  hemisphere  in  spring  (1958-59)  on  a  polar 
projection  chart.  All  the  available  ozone  data  have  been  used  in  preparing  these  diagrams. 
J.  London  presented  diagrams  similar  to  Figs.  1  and  2  at  the  ozone  symposium  at  Arosa. 
The  mean  ozone  amounts,  are  not  distributed  symmetrically  round  the  pole.  More  ozone 
is  found  over  the  eastern  parts  of  Canada,  over  Central  Europe  and  over  NE  Asia.  India  is 

a  region  of  deficient  ozone. 
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Fig.  2.  Total  ozone  amounts  in  autumn.  There  appears  to  be  a  comparative 
deficiency  of  ozone  over  NE  Atlantic  and  Scandinavia. 
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DISTRIBUTION  OF  TOTAL  OZONE  AMOUNTS  IN  DIFFERENT  LATITUDES 
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Fra.  3.  Distribution  of  total  ozone  in  different  latitudes:  the  difference  between  the 
ozone  distributions  in  the  northern  and  southern  hemispheres  may  be  noted. 
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Fig.  4.  Vertical  distribution  of  ozone  over  Resolute  75°N,  Eskdalemuir  55°N,  Moosonee 
51°N  and  Arosa  47°N,  ca.  'Red  from  umkehr  observations  by  Method  B,  Sample  distri¬ 
butions  corresi^onding  to  high  and  low  values  of  ozone  are  shown.  Curves  of  ozone-mixing 
ratio  are  also  given.  The  lowering  of  the  C.G.  with  increasing  ozone  amounts  may  be  noted. 


Fig.  5.  Vertical  distributions  over  Sapporo  43°N,  Tateno  36JN,  Srinagar  34°N  and 
Abu  24°N.  Note  the  difference  between  Srinagar  and  Tateno. 
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Fig.  6.  Ozone  distributions  over  Liverpool  obtained  by  Brewer  and  Milford1  with  the 
Oxford-Kew  chemical  ozonesonde.  The  arrows  indicate  tropopause  levels.  Note  the 
large  difference  in  ozone  amounts  and  in  ozone  distributions  on  17  Jan.  and  29  Jan.  1958. 
The  stratosphere  at  the  top  of  the  flight  had  warmed  up  considerably  by  the  29th.  (The 
authors  and  the  Royal  Society  have  kindly  authorized  the  reproduction  of  this  diagram.) 
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Fig.  7.  Vertical  distribution  of  temperature  and  ozone  over  Halley  Bay  in  Antarctic 
summer  and  winter  obtained  by  J.  MacDowall.2  Note  the  two  steps  in  the  rise  of  ozone 
with  height  in  the  winter  ascent.  (The  authors  and  the  Royal  Society  have  kindly 
authorized  the  reproduction  of  this  diagram.) 
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Fig.  8.  Results  of  a  comparison  made  at  Arosa  in  July  to  August  1958  of  four  different 
methods  of  determining  the  vertical  distribution  of  ozone:  infrared  emission  and  absorp¬ 
tion  of  9-6  band  (Vigroux3),  Umkehr  (Dutsch4),  optical  radiosonde  (Paetzold)  and 

chemical  ozonesonde  (Brewer). 

In  the  diagram,  B,  P,  U  and  I.R.  stand  for  Brewer,  Paetzold,  umkehr  and  infrared. 
C  and  D  refer  to  the  wavelengths  used  for  the  umkehr  observations.  The  umkehr  with 
C  gave  a  higher  level  for  the  C.  G  of  ozone  than  the  chemical  sonde.  (The  authors  and 
the  Centre  National  de  la  Recherche  Scientifiqu9,  Paris,  have  kindly  authorized  the 

reproduction  of  these  diagrams.) 
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Fig.  9.  Seasonal  variation  in  the  vertical  distribution  of  ozone  over  Arosa  (Dutsch). 
Dutsch  used  a  somewhat  different  technique  than  method  B  for  analysing  the  umkehr 

observations. 
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DAILY  OZONE  AMOUNTS  AND  TEMPERATURES  AT  10-15  MB  AT 
REYKJAVIK,  JANUARY- FEBRUARY  1959 

* 

Fig.  10.  Daily  ozone  amounts  and  temperatures  at  10-15  mb  (taken  from  Berlin  charts) 

over  Reykjavik  in  Jan. -Feb.  1958. 
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event  are  shown  in  Fig.  11.  As  elucidated  by  W.  L.  Godson  and  his  collaborators,  some 
of  the  larger  ozone  changes  in  high  latitudes  in  winter  and  spring  are  associated  with 
stratospheric  waves.  There  is  evidence  of  a  large-scale  slow  descent  of  air  from  the  upper 
stratosphere  of  middle  latitudes  towards  lower  levels  in  the  polar  stratosphere  in  late 
winter  or  spring.  The  very  valuable  ozone  observations  made  at  Halley  Bay  and  at 
Argentine  Islands  suggest  a  fundamental  similarity,  with  a  difference  in  timing,  between 
the  Arctic  and  Antarctic  stratospheric  circulations  (for  example  see  Fig.  12).  More  ozone 
stations  are  needed  in  the  southern  hemisphere  and  in  Continental  Asia. 

temperatures 

OVER  CHURCHILL 


MET  HO  D  ('JONES  ET  AL) 

Fig.  11.  Temperature  changes  in  the  mesosphere  and  stratosphere  over  Churchill  from 
25  to  28  Jan.  and  temperatures  in  the  stratosphere  on  3  Feb.  1958.  Note  steady  descent 
of  warm  air  from  25  Jan.  to  3  Feb.  The  ozone  amount  over  Moosonee  showed  a  sudden 
rise  from  0-372  to  0-427  cm  on  30  Jan.  1958. 
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Fig.  12.  Rapid  rise  in  ozone  and  middle  stratosphere  temperatures  at  Tromso  in  the 
Arctio  and  at  Halley  Bay  in  the  Antarctic  in  1957-58.  The  Arctic  rise  in  ozone  took 
place  before  the  end  of  the  polar  night,  while  the  Antarctic  rise  took  place  in  early  summer. 
It  has  been  found  that  in  general  the  breakdown  of  the  polar  stratospheric  vortex  in  the 
Antarctic  takes  place  later  in  the  season  than  in  the  Arctic. 
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PRESIDENTIAL  ADDRESS 
by 

K.R.  Ramanathan 


The  26-month  cycle  and  atmospheric  ozone 


Three  years  have  passed  since  our  last  symposium  in  August  1961  at  Arosa.  We  now 
meet  in  another  important  centre  of  studies  in  atmospheric  and  space  sciences,  a  centre  where 
one  of  the  pioneers  of  ozone  research.  Dr.  V.H.  Regener,  is  evolving  new  tools  of  remarkable 
delicacy  and  simplicity  for  studying  ozone  in  the  atmosphere.  We  are  very  grateful  to 
President  Popejoy  and  other  authorities  of  the  University  of  New  Mexico  for  inviting  us  to 
meet  at  Albuquerque  in  these  quiet  and  restful  surroundings  and  making  such  excellent  ar¬ 
rangements  for  our  stay  and  work.  We  look  forward  to  a  very  fruitful  session. 

1.  The  IGY-IGC  years  opened  out  new  vistas  in  atmospheric  and  space  sciences.  A  better 

appreciation  of  the  role  of  ozone  in  atmospheric  phenomena  was  one  of  the  results.  Ozone 
measurements  helped  to  elucidate  the  phenomenon  of  sudden  warmings  of  the  stratosphere  which 
had  been  first  observed  a  dozen  years  ago  in  Europe.  The  existence  of  significant  longi¬ 
tudinal  difference  in  ozone  amounts  and  the  role  of  ozone  as  a  tracer  for  studying  strato¬ 
sphere-troposphere  interactions  were  firmly  established.  As  a  result,  WMO  and  the  national 
Meteorological  Services  have  undertaken  the  responsibility  for  organizing  regular  measure¬ 
ments  of  atmospheric  ozone  and  the  publication  of  ozone  data  on  a  world-wide  basis  for  pro¬ 
moting  further  research. 

After  the  IGY,  the  programme  of  the  IQSY  (the  International  Quiet  Sun  Years)  which 
includes  synoptic  studies • of  atmospheric  ozone  is  now  in  action,  and  there  Is  already  evi¬ 
dence  of  the  rich  harvest  which  we  may  expect.  A  scheme  of  issuing  alerts  for  sudden  strato¬ 
spheric  warmings  (STRATWARM)  to  enable  simultaneous  special  ozone-sonde  ascents  is  in  opera¬ 
tion.  The  network  of  total  ozone  stations  has  expanded  considerably,  particularly  In  North 
America  and  the  U.S.S.R.  About  15  ozone-sonde  stations  are  now  in  operation,  most  of  them 
in  North  America. 


2.  International  comparisons  of  ozone  sondes  with  ground-based  methods  for  determining 

the  vertical  distribution  of  ozone  were  made  at  Arosa  in  the  summer  of  1961  and  in  the  spring 
of  1962.  They  have  shown  up  the  relative  values  of  the  different  techniques.  Dr.  Dtltsch's 
report  shows  the  high  resolution  and  near  equivalence  of  the  new  ozone  sondes  qf  Brewer  and 
Regener,  and  the  limitations  and  strength  of  the  Umkehr  method.  In  spite  of  the  limited 
resolution  of  the  Umkehr  method, , its  undoubted  value  in  estimating  ozone  amounts  above  10  mb 
and  studying  the  long-term  variations  of  ozone  in  the  ozone  production  region  remains.  Com¬ 
puter  methods  of  Umkehr  calculation  have  been  perfected  by  Dr.  DUtsch  and  Dr.  Mateer  and 
improvement  in  calculating  the  effects  of  multiple  scattering  have  been  made  by  Dr.  Dave. 

Dr.  Vigroux  has  pursued  his  studies  of  the  determination  of  the  smoothed  vertical  distribu¬ 
tion  of  ozone  by  infra-red  measurements  of  the  9«6/w-  band.  The  infra-red  method,  however, 
seems  to  have  serious  limitations  in  determining  the  detailed  structure  of  ozone  distribution. 

A  combination  of  the  chemical  or  chemiluminescent  ozone  sonde  (for  detailed  structure 
up  to  the  maximum  balloon  height)  and  of  the  simple  optical  filter  sonde  for  the  total  ozone 
amount  above  the  maximum  balloon  level  seems  to  be  the  ultimate  solution. 
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3-  Professor  Dobson  is  continuing  his  efforts  to  improve  the  accuracy  and  reliability 

of  total  ozone  measurements  with  the  ozone  spectrophotometer.  By  comparing  the  values  of  the 
absorption  coefficients  of  ozone  in  the  laboratory  and  in  the  atmosphere  with  the-  same  spec¬ 
trophotometer  and  the  standard  wavelengths,  Dobson  finds  that  the  relative  value  of  the 
differential  absorption  coefficient  for  wavelengths  (3114/3234),  now  adopted  from  Vigroux's 
work,  requires  a  substantial  reduction.  The  modified  values  suggested  by  Dobson  fit  in  well 
with  the  results  of  simultaneous  measurements  on  different  wavelengths  made  in  different 
parts  of  the  world.  Indeed,  our  observations  at  Ahmedabad  and  Kodaikanal  show  that,  using 
the  new  absorption  coefficients,  it  is  possible  to  separate  clearly  the  effect  of  ozone  and 
of  aerosols  on  the  attenuation  caused  by  the  atmosphere  on  A,  C  and  D  wavelengths. 

One  of  the  uncertainties  in  the  comparison  of  ozone  measurements  made  with  the 
Dobson  spectrophotometer  at  different  places  and  at  different  times  is  the  correct  determina¬ 
tion  of  LQ,  the  wedge  reading  that  would  be  obtained  with  direct  sunlight  outside  the  earth's 
atmosphere.  Changes  in  the  value  of  Lq  may  occur  due  (l)  to  changes  in  solar  radiation  and/ 
or  (2)  to  changes  within  the  instrument.  If  we  had  a  constant,  reproducible  source  of  radia¬ 
tion  for  the  region  JOOO  to  3450  A,  we  could  check  the  constancy  of  solar  radiation. 
Professor  Dobson  finds  that  the  new  quartz-iodine  lamps  introduced  by  GEC,  U.K.  are  re¬ 
markably  constant  in  their  radiation  after  a  few  hours  of  running,  and  after  100  hours  show 
no  detectable  change.  He  has  recommended  the  use  of  these  lamps  both  for  wedge- calibration 
and  for  monitoring  the  constancy  of  solar  radiation.  This  has  yet  to  be  tried  out. 

4.  I  propose  to  devote  the  remaining  part  of  my  address  to  the  recently  discovered 

biennial  variation  of  ozone,  its  connexion  with  the  so-called  26-month  equatorial  strato¬ 
spheric  wind  oscillation,  its  apparent  connexion  with  geomagnetic  activity,  and  some  long¬ 
term  abnormalities  and  possible  relationship  to  solar  activity.  I  shall  also  touch  on  the 
question  whether  nuclear  explosions  in  the  atmosphere  affect  atmospheric  ozone. 

The  first  clear  evidence  that  there  was  a  regular  biennial  variation  of  the  total 
ozone  amount  came  from  the  Australian  observations  -  J.P.  Funk  and  G.L.  Garnham  in  a  paper 
published  in -Tellus  (14,  378-382,  1962)  discussing  the  observations  made  at  Aspendale  (38°S, 

65  years)  and  Brisbane  (27-|°S,  5  years)  showed  that  there  was  a  distinct  24-month  cycle  in 
the  ozone  variations  which  could  not  be  attributed  to  changes  in  synoptic  weather.  They 
surmised  that  this  might  be  due  to  "changes  in  the  general  subsidence  pattern  of  ozone-rich 
stratospheric  air".  At  Ahmedabad,  we  examined  the  ozone  observations  made  at  Kodaikanal 
(10°N)  during  the  same  period,  and  found  that  there  was  a  clear,  though  small,  24-monthly 
oscillation  with  its  phase  reversed.  Further,  on  examining  the  observations  made  at  other 
northern  hemisphere  stations,  we  found  well-marked  oscillations  at  Abu-Ahmedabad,  Delhi, 
Tateno,  Elmas  and  Rome. 

Figures  1  to  5  show  the  phenomenon  of  biennial  variations  of  ozone  and  of  the  re¬ 
lated  equatorial  stratospheric  winds. 

The  two-year  cycle  covers  a  wide  range  of  latitudes  on  either  side  of  the  equator, 
both  north  and  south.  The  equatorial  zonal  wind  oscillation  at  50  to  30  mb  is  consistent 
with  the  idea  that  there  is  a  superposed  thermal  gradient  below  those  levels,  with  tempera¬ 
tures  increasing  with  increasing  ozone  amounts.  The  biennial  variation  means  that  once 
the  additional  ozone  molecules  get  into  the  protected  region  of  the  tropical  stratosphere 
below  25  km,  some  of  the  excess  can  remain  there  for  more  than  a  year  and  less  than  two  years. 
More  collection  and  analysis  of  stratospheric  wind  data  over  tropical  and  subtropical  lati¬ 
tudes  are  called  for. 

Although  the  normal  cycle  has  a  period  of  two  years,  there  are  breaks  in  the  cycle  - 
as  in  I962-I963.  There  have  apparently  been  other  breaks  previously,  as  can  be  seen  from  an 
examination  of  the  long  series  of  Arosa  data  from  1939  to  1963;  The  abnormal  behaviour  in 
1952  and  1941  may  be  seen  from  Figure  6.  This  suggests  an  11-year  period  for  the  abnormality, 
occurring  about  half-way  between  two  solar  maxima.  It  has  often  been  asked  if  the  ozone  amount 
is  affected  by  geomagnetic  activity. 
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Professor  Dobson  and  his  colleagues  attempted  to  answer  this  question  by  comparing 
daily  values  of  ozone  with  the  magnetic  character  figure  'of  the  same  day  or  preceding  days, 
using  the  ozone  data  of  Oxford  only,  and  again  using  the  data  of  a  number  of  stations  in 
north-west  Europe.  Dr.  Kulkarni  in  Australia  and  Dr..  Sekihara  in  Japan  have  attacked  the 
same  problem  in  a  somewhat  similar  way. 

With  a  view  to  reducing  the  meteorological  effects,  Mr.  Angreji  of  our  laboratory 
has  correlated  the  two-year  running  means  of  ozone  at  a  few  stations  in  different  latitudes 
with  the  running  means  of  the  international  magnetic  character  figure  (Ci)  of  the  same  two 
years . 

Figure  7  shows  the  relation  between  overlapping  two-year  averages  of  0-,  against 
at  Troms^  (1939-1959).  Oslo-Dombas  or  Lerwick  (1940- 1961),  Arosa  (1932-1961)  and  Abu-Ahmedabad 
(1952-1963).  The  data  covering  the  period  before  1949  when  the  observations  were  taken  with 
a  photo-cell  in  the  spectrophotometer  have  been  indicated  by  a  different  symbol.  There  is  a 
definite  effect  at  J0°  and  60°,  which  becomes  less  and  less  pronounced  as  we  approach  the 
equator.  There  is  yet  another  diagram  prepared  by  Mr.  Angreji  showing  the  two-year  means 
of  Oj  (1958-1959)  against  (a)  geographic  latitude,  and  (b)  magnetic  dip  latitude.  The  scatter 
of  points  is  slightly  less  in  the  second  curve. 

Is  it  possible  that  in  addition  to  ultra-violet  light  from  the  sun,  energetic  par¬ 
ticles  from  the  solar  wind  and  associated  X-rays  which  enter  preferentially  in  the  polar  zones 
also  dissociate  O2  and  give  rise  to  Oj  ?  There  is  no  clear  evidence  yet  that  wave  radiations 
from  solar  flares  increase  the  ozone  amount. 

There  is  another  important  question  raised  by  the  abnormal  increases  in  ozone  over 
a  number  of  stations  in  1959  and  in  1962  (Figure  9) •  Are  they  due  to  the  large-scale  nuclear 
explosions  in  1958  and  their  resumption  in  1961  after  the  moratorium?  The  gradual  degrada¬ 
tion  of  high  energy  particle  radiations  and  long-lived  radioactive  isotopes  (both  natural  and 
man-made)  in  the  protected  ozone  region  can  lead  ultimately  to  the  dissociation  of  Og  into  0 
and  the  formation  of  some  O5.  Quantitative  calculations  are  necessary. 

I  have  not  touched  on  various  other  problems  of  great  interest,  such  as  satellite 
studies  of  ozone,  photo-production  and  destruction  of  ozone,  the  connexion  of  ozone  with  OH 
and  Na  and  airglow  in  the  mesosphere,  radiation  problems  and  the  very  important  question  of 
the  general  circulation  in  the  stratosphere  and  mesosphere  to  which  the  study  of  the  distribu¬ 
tion  of  ozone  in  the  atmosphere  and  its  variations  is  contributing. 

Most  of  these  questions  will  be  discussed  at  our  symposium. 
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MONTHLY  MEAN  OIONE  AMOUNTS 


Figure  1  -  Monthly  mean  ozone  amounts 
over  Aspendale,  Brisbane,  Tateno,  Rome, 
Arosa  (with  12-monthly  and  24-monthly 
running  means).  Note  the  biennial 
variation  and  the  change  of  phase  which 
occurred  at  all  the  stations  in  1963. 


Figure  2  -  Deviation  of  monthly  (and 
three-monthly)  means  from  average 
monthly  or  Ihree-monthly  means  for 
the  whole  period  1957-1963,  over 
Brisbane  and  Kodaikanal  (Rangarajan, 
and  AngTreJi).  The  deviations  of 
ozone  from  the  respective  averages 
at  Kodaikanal  and  Brisbane  have 
opposite  phases. 


DEVIATIONS  OF  OZONE  AMOUNTS  FROM  MONTHLY  MEAN  VALUES 


Figure  3  -  Ozone  amounts  (moi  thiy  means) 
over  Aspendale,  Brisbane,  Kodaikanal  and 
Tateno,  and  equatorial  winds  at  50  mb 
over  Canton  Island.  The  50  mb  equatorial 
winds  become  easterly  when  the  subtropical 
ozone  amounts  are  decreasing,  and  westerly 
when  they  are  increasing.  It  may  be  seen 
that  the  biennial  increases  occur  in  the 
same  year  at  Tateno  and  Aspendale  in  the 
respective  springs. 
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AO,  12  MONTH  RUNNING  MEAN$-24  MONTI:  RUNNING  MEANS 
OF  OZONE  AMOUNTS 
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Figure  4  -  12-month  minus  24-month 
running  means  of  ozone  over  sta¬ 
tions  at  different  latitudes  from 
Aspendale  (J00S)  to  Lerwick  (60°N). 
This  diagram  brings  out  the  biennial 
variation  from  38°S  to  50°N  more 
clearly.  Note  the  abnormal! ty  in 

1958-1959. 


DEVIATIONS  FROM  MEAN  MONTHLY  OZONE  VARIATIONS 
AT  VARIOUS  LATITUDES 


1952-  1962 


Figure  5  -  Average  biennial  devia¬ 
tions  of  ozore  amounts  from  mean 
monthly  amounts  at  various  places 
from  J80S  to  52°N. 


BIENNIAL  variation  in  ozone 
(35  . 70* N ) 


Figure  6  -  Solar  activity  and  phase 
changes  in  two-year  cycle. 


PRESIDENTIAL  ADDRESS 


MAGNETIC  CHARACTER  INDEX  C; 


OZONE  AMOUNTS  (19  58-59)  AGAINST  LATITUDES 


A  JAIL.  AUSTRALIAN  A  PACIFIC  ZONE  STATIONS 
j  STATIONS  IN  AME  INCAN  ZONE 

•  EUKOFtAN  STATIONS 

•  U4A». 

•  A  F  INC  AN  A  CENTDaL  ASIAN  ZONE 


Figure  7  -  Overlapping  two-year 
means  of  ozone  against  two-year 
means  of  international  magnetic 
character  figure  Ci  at  Tromsfi, 
Dombas-Lerwick,  Arosa  and 
Abu-Ahmedabad. 


Figure  t>  -  Two-year  means  of 
ozone  against  (a)  geographic 
latitude  and  (b)  magnetic  dip 
latitude.  Sapporo  seems  to 
stand  out  with  abnormally 
large  ozone  amounts. 


12  MONTHLY  KUNMING  MCAMS  OF  CNIVfTO*  WINDS  AND  OZONt  AMOUNTS 
AT  S  STATIONS 

Figure  9  -  12-month  running  means  of  Eniwetok  upper 
winds  and  ozone  amounts  at  five  stations.  Note  the 
abnormal  changes  of  ozone  at  Ahmedabad  and  Tateno  in 
1958-1959  and  at  Tateno,  Brisbane  and  Aspendale  in  1962. 
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Ozone  absorption  coefficients  and  haze  corrections  for  total 
ozone  measurements  with  Dobson  spectrophotometer* 

K.  R  RAMANATHAJST,  P.  D.  ANGREJI  and  G.  M.  SHAH 
Physical  Research  Laboratory ,  Ahmedabad 
(Received  7  May  1965 ) 

ABSTRACT.  From  laboratory  measurements  of  absorption  in  an  ozone  cell  with  a  Dobson 
spectrophotometer  and  their  comparison  with  the  results  of  observations  made  with  atmospheric 
ozone,  Dobson  has  concluded  that  the  absorption  coefficients  of  ozone  (from  Vigroux’  work)  for 
the  B  and  C  wave  lengths  are  too  high  and  have  to  be  revised.  Observations  made  at  Ahmedabad 
confirm  this.  Accepting  that  the  difference  of  ozone  absorption  coefficients  for  A  and  D  is  1 '388 
and  assuming  that  by  using  the  AD  difference  method  the  haze  correction  is  eliminated,  we  deter¬ 
mine  the  total  ozone  amount.  Combining  this  with  measurements  of  apparent  total  ozone  with 
A  wave-lengths  alone,  the  haze  correction  is  calculated.  With  this  haze  correction  and  known 
ozone  amount,  the  absorption  coefficients  for  C  and  B  wave  lengths  can  be  calculated.  The  same 
absorption  coefficients  are  obtained  under  varying  conditions  of  haze.  They  are  nearly  the  same 
as  those  obtained  by  Dobson  from  his  laboratory  measurements  with  an  ozone  cell. 


When  the  absorption  coefficients  of  ozone 
as  determined  by  Vigroux  are  used  to  calcu¬ 
late  the  amount  of  ozone  in  the  atmosphere 
from  measurements  with  the  Dobson  spectro¬ 
photometer,  the  ozone  values  found  with  the 
different  wave-length  pairs  A,  B,  C  and  D  are 
not  identical. 

This  may  be  due  either  to  wrong  values  of 
the  absorption  coefficients  used  or  the  pre¬ 
sence  of  some  other  absorbing  gas  in  the 
atmosphere.  In  order  to  test  this,  Dobson 
made  measurements  of  ozone  absorption  in  a 
silica  vessel  placed  immediately  above  the 
inlet  slit  of  tbe  standard  ozone  spectrophoto¬ 
meter,  and  calculated  the  relative  absorp¬ 
tions  of  ozone  for  tbe  different  wave-lengths. 
He  also  calculated  the  absorption  coefficients 
for  the  different  wave-length  pairs  from  at¬ 
mospheric  measurements  made  at  Oxford 
(1957)  and  at  Edmonton  (1958)  assuming  that 
the  difference  between  the  absorption  co¬ 
efficients  for  A  and  D  wave-lengths  was  equal 
to  1 . 388.  The  figures  in  the  different  rows  of 
Table  1  give  respectively  the  absorption  co¬ 


efficients  of  A,  B,  C  and  D,  (1)  according  to 
Vigroux  as  determined  from  his  laboratory 
measurements,  (2)  from  atmospheric  mea¬ 
surements  at  Oxford  (1957)  and  (3)  from 
atmospheric  measurements  at  Oxford,  Ed¬ 
monton  (1958)  and- Ahmedabad.  Dobson 
suggested  that  if  the  absorption  coefficients 
given  in  row  2  were  used  to  get  the  ozone 
values  from  observations  on  different  wave* 
lengths,  the  results  would  be  identical. 

It  had  been  noticed  in  Ahmedabad  that  the 
ozone  values  determined  from  AD,  AC  and 
CD  were  not  identical  if  Vigroux’s  values  for 
the  absorption  coefficients  of  C  were  used. 
An  attempt  was  made  to  use  the  new  absorp¬ 
tion  coefficients  given  in  row  (2)  of  Table  1 
to  calculate  the  ozone  amounts.  There  was 
much  better  agreement. 

The  difference  of  absorption  coefficients 
(a— a')A  —  (a — a')D  for  AD  wave-lengths  was 
assumed  to  be  constant  at  1-388  and  the 
ozone  amount  xAT)  was  calculated  using  the 
standard  difference  formula.  Assuming 


♦Presented  at  the  International  Ozone  Sympoair  held  at  Albuquerque,  New  Mexico,  September  1904 


Ind.  Journ.  Met.  Geophys.  16,  671-674,  1955. 
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TABLE  1 

Differences  of  absorption  coefficients  (a— a)x  of  ozone  for  different  wavelength  pairs 


A 

B 

C 

D 

A— D 

From  Vigroux’  observations 

As  determined  from  Dobson’s  laboratory  measurements  with 

1-762 

1-214 

0-865 

0-374 

1-388 

ozone  cell  at  Oxford  assuming  Vigroux’  value  of  1-388  for  A — D 

1-742 

1-142 

0-808 

0-354 

1-388 

From  atmospheric  observations  at 
(assuming  A — D= 1-388) 

Oxford 

1-741 

1-144 

0-791 

0-353 

1-388 

Edmonton 

1-743 

1-166 

0-804 

0-355 

1-388 

Ahmedabad 

1-742 

1-143 

0-799 

0-353 

1-388 

Kodaikanal 

1-744 

— 

0-806 

0-354 

1-388 

a  and  a'  refer  to  the  following  pairs  of  wave-lengths  used  in  ozone  measurements 

X  X' 

X 

X' 

A  3055A  3264A  C 

3114A 

3324A 

B  3088A  3291A  D 

3176A 

3398A 

(a — a')A  to  be  1-742  which  is  the  mean 
of  the  values  given  in  lines  (2),  (3)  and  (4)  of 
Table  1,  tbe  apparent  ozone  values  xA 
were  also  calculated  using  the  formula 

A*a  (a— «')a  =  A^a  —  {^—^)A.(PlPo)-m 

in  which  the  correction  due  to  haze  has  been 
neglected.  Writing  (xA  —  cc^)  (a— a')A  = 
(8 — 8')a  ,  m  (8 — S')A  would  represent  the 
haze  correction  to  be  applied  to  AAta  • 
Other  evidence  had  shown  that  the  haze 
correction  -was  practically  independent  of 
wave-length  when  the  wave-length  diffe¬ 
rence  did  not  exceed  200  A.  The  haze  correc¬ 
tion  thus  obtained  from  xAv  and  xA  ,  together 
with  the  ozone  value  xAn,  was  then  used  to 
determine  the  absorption  coefficients  of  A 
and  D  separately.  The  same  method  was 
also  used  to  calculate  the  absorption  coeffi¬ 
cients  of  B  andC.  Line  (5)  of  Table  1  shows 
the  absorption  coefficients  of  A,  B,  C  and  D 
as  determined  from  the  atmospheric  measure¬ 
ments  at  Ahmedabad.  The  ozone  amounts 


and  absorption  coefficients  on  individual 
days  and  the  corresponding  haze  correc¬ 
tions  are  given  in  Table  2.  Table  3  gives  the 
ozone  values  at  Ahmedabad  calculated  by 
AD,  AC  and  CD  methods,  and  also  the  haze 
corrections  to  be  applied  to  xA  ,  xc  and  xD  to 
make  them  agree  with  one  another  and  also 
with  xAJ},  xAC  and  xCI). 

Similar  calculations  made  from  observa¬ 
tions  made  at  Kodaikanal  where  the  mean 
atmospheric  pressure  is  772  mb  on  A,  D  and  C 
wave-lengths  gave  equally  good  agreement 
when  the  differential  absorption  coefficient- 
for  C  was  taken  to  be  0-806  and  the  haze 
corrections  for  A,  D  and  C  wave-lengths  were 
assumed  to  be  the  same. 

The  good  agreement  of  the  calculated 
values  shows  that  it  is  possible  not  only  to 
get  consistent  values  of  ozone  amounts  using 
observations  with  different  wave-lengths,  but 
also  to  determine  the  day-to-day  variations 
of  aerosols  from  Dobson  spectrophotometer 
observations,  if  we  use  the  new  absorption 
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TABLE  2 

Ozone  absorption  coefficients  and  haze  corrections 
Measurements  at  Ahmedabad  (Direct  Sun)  —  A,  D  and  C 


Date 

^0 

X 

AD 

X 

A 

(8  §')A 

(a — a')A 

(o-a')D 

(a— a')0 

3-7-63 

2-106 

2-081 

0-260 

0-264 

+0-007 

1-741 

0-351 

0-809 

2-11-63 

2-611 

2-653 

0-237 

0-244 

0-012 

1-740 

0-349 

0-796 

23-1-64 

3-173 

3-144 

0-245 

0-248 

0-005 

1-741 

0-351 

0-799 

29-1-64 

1-424 

1-416 

0-221 

0-223 

0-003 

1-743 

0-355 

0-799 

5-2-64 

2-446 

2-374 

0-254 

0-261 

0-012 

1-743 

0-354 

0-792 

7-3-64 

1-925 

1-968 

0-236 

0-240 

0-006 

1-744 

0-353 

0-798 

9-3-64 

1-709 

1-736 

0-231 

0-235 

0-007 

1-743 

0-353 

0-800 

13-3-64 

2-265 

2-210 

0-223 

0-230 

0-014 

1-742 

0-347 

0-793 

14-3-64 

1-929 

1-964 

0-221 

0-225 

0-009 

1-743 

0-351 

0-801 

16-3-64 

2-141 

2-190 

0-232 

0-237 

0-009 

1-740 

0  353 

0-796 

24-3-64 

2-062 

2-026 

0-236 

0-239 

0-005 

1-741 

0-354 

0-803 

7-4-64 

2-051 

2-019 

0-239 

0-241 

0-003 

1-744 

0-356 

0-806 

8-4-64 

1-896 

1-871 

0  244 

0-244 

0-000 

1-744 

0-352 

0-800 

15-4-64 

2-098 

2-060 

0-254 

0-253 

—0-002 

1-741 

0-351 

0-794 

16-4-64 

1-888 

1-915 

0-257 

0-257 

0-000 

1-739 

0-352 

0-797 

18-4-64 

1-621 

1-645 

0-251 

0-253 

0-003 

1-743 

0-351 

0-802 

20-4-64 

1-960 

1-995 

0-234 

0-233 

—0-002 

1-743 

0-356 

0-809 

21-4-64 

2-053 

2-012 

0-246 

0-247 

0-002 

1-742 

0-353 

0-803 

21-5-64 

1-550 

1-566 

0-259 

0-259 

0-000 

1-744 

0-356 

0-813 

21-5-64 

2-067 

2-104 

0-265 

0-263 

—0-003 

1-742 

0-352 

0-796 

21-5-64 

2-786 

2-835 

0-261 

0-261 

0-000 

1-742 

0-352 

0-792 

25-5-64 

1-166 

1-172 

0-259 

0-262 

0-005 

1-741 

0-354 

0-801 

25-5-64 

2-244 

2-202 

0-269 

0-272 

0-005 

1-743 

0-355 

0-801 

26-5-64 

1-279 

1-288 

0-262 

0-264 

0-003 

1-741 

0-352 

0-793 

26-5-64 

2-487 

2-537 

0-269 

0-272 

0-006 

1-740 

0-351 

0-790 

26-5-64 

2-768 

2-721 

0-266 

0-270 

0-007 

1-743 

0-353 

0-791 

Mean 

1-742 

0-353 

0-799 

(Direct  Sun)  A,  D,  B  and  C 

\ 

Date 

^AD 

% 

XAD 

*A 

(8 — S')A  (a- 

a')\  a') 

'd 

(a— a')B 

3-10-64 

2-842 

2-766 

0-243 

0-248 

0-009  1- 

742  0-352 

:  0-810 

1-143 

4-10-64 

2-178 

2-163 

0-248 

0-256 

0-013  1- 

742  0-352 

!  0-793 

1-148 

6-10-64 

2-259 

2-333 

0-254 

0-257 

0-005  1- 

742  0-352 

0-798 

1-148 

7-10-64 

2-737 

2-842 

0-247 

0-252 

0-009  1- 

742  0-352 

0-799 

1135 

12-10-64 

2-045 

2-167 

0-238 

0-243 

0-009  1- 

743  0-357 

’  0-805 

1-143 

Mean  1  ■ 

742  0-353 

0-801 

1-143 
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TABLE  8 
Ahmedabad 

Haze  correction  (S — S')x  =  (*x  — zAD)  (a— a')x 


Date 

^AD 

Ozone  amount  (in  D.  TJ.) 

x  a; 

AD  A  CD 

r 

Haze  correction 

A  C  D 

Remarks 

3-7-63 

2-106 

260 

260 

262 

7-0 

7-2 

6-3 

— 

2-11-63 

2-611 

237 

238 

238 

12-2 

11-2 

10-9 

— 

23-1-64 

3-173 

245 

246 

245 

5-2 

4-8 

4-4 

— 

29-1-64 

1-424 

221 

222 

220 

3-5 

2-8 

3-2 

— 

5-2-64 

2-446 

254 

256 

251 

12-2 

11-2 

12-1 

Haze 

7-3-64 

1-925 

236 

237 

235 

7-0 

5-6 

5-7 

Haze 

9-3-64 

1-709 

231 

232 

231 

7-0 

7-2 

6-7 

Haze 

13-3-64 

2-265 

223 

224 

221 

12-2 

11-6 

12-2 

Haze 

14-3-64 

1-929 

221 

220 

221 

7-0 

8-4 

8-1 

Haze 

16-3-64 

2-141 

232 

233 

230 

8-7 

8-0 

8-7 

Haze 

24-3-64 

2-062 

236 

235 

237 

5-2 

5-6 

5-0 

Haze 

7-4-64 

2-051 

239 

239 

240 

3-5 

4-4 

35 

Thin  Ci 

8-4-64 

1-896 

244 

244 

243 

0-0 

0-8 

1-2 

Thin  Ci 

15-4-64 

2-098 

254 

256 

252 

1-7 

—3-6 

—2-8 

Low  haze 

16-4-64 

1-888 

257 

257 

256 

0-0 

—0-8 

-0-5 

Low  haze 

18-4-64 

1-621 

251 

251 

253 

3-5 

3-6 

2-1 

Haze 

20-4-64 

1-960 

234 

233 

237 

-1-7 

0-0 

—1-6 

Low  level 

haze 

21-4-64 

2-053 

246 

246 

248 

1-7 

2-8 

1-8 

Slight  haze 

21-5-64 

1-550 

259 

257 

265 

0-0 

3-2 

0-4' 

2-067 

265 

266 

263 

—3-5 

—4-0 

—3-4 

Low  level 
haze 

2-786 

261 

263 

257 

0-0 

—2-4 

1 

o 

25-5-64 

1-166 

259 

259 

259 

5-2 

5-2 

^  1  \  Dust  haze 

2-244 

269 

269 

269 

5-2 

5-6 

5-3/ 

26-5-64 

1-279 

262 

264 

258 

3-5 

1-2 

2-51 

2-487 

269 

272 

264 

5-2 

3-2 

5-0 

Dust  haze 

2-768 

266 

269 

261 

7-0 

4-8 

6-7_ 

coefficients  of  ozone.  It  is  interesting  to  note 
that  low  level  haze  (such  as  occurred  on 
15-  4-64,  20-4-64  and  21-5-64)  tends  to  reduce 
the  haze  correction  and  even  to  make  it 
negative. 


We  are  thankful  to  Dr.  M.  K.  Vainu  Bappu, 
Director  of  the  Astrophysical  Observatory, 
Kodaikanal  and  his  staff  for  sending  us  the 
observations  made  with  the  Dobson  spectro¬ 
photometer  at  Kodaikanal. 
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Note  on  Ozone  Observations  made  with  Moonlight 


K.  R.  RAMANATHAN,  P.  D.  ANGREJI  and  G.  M.  SHAH 

Physical  Research  Laboratory,  Ahmedabad 
(. Received  7  May  1965 ) 


ABSTRACT.  There  is  an  apparent  increase  in  ozone  amount  when  measured  with  the 
Dobson  spectrophotometer  using  moonlight  and  C  or  D  wavelengths  instead  of  A.  The  increase 
becomes  insignificant  when  the  differential  AD  or  CD  method  is  used.  The  apparent  increase  in 
ozone  is  found  to  be  due  to  a  rapid  increase  in  large-particle  scattering  which  occurs  shortly  after 
sunset  and  disappears  within  a  couple  of  hours  after  sunrise. 


In  previous  communications  from  Ahmed¬ 
abad,  it  has  been  pointed  out  that  when  ozone 
observations  are  made  on  dear  nights  with 
moonlight,  there  is  an  apparent  increase  in 
ozone  amount  over  that  observed  either  on 
the  preceding  or  succeeding  day  with  sunlight 
(Ramanathan  and  Ramana  Murthy  1953*, 
Ramanathan,  Shah  and  Angreji  1961).  This 
increase  is  much  larger  when  the  observa¬ 
tions  are  made  with  D  than  with  C  wave¬ 
lengths,  and  more  with  C  than  with  A.  This 
night-time  increase  was  shown  to  be  due  not 
to  ozone  but  to  an  increase  in  large  particle 
scattering,  whose  contribution  to  attenua¬ 
tion  is  practically  independent  of  wave¬ 
length.  When  due  correction  is  made  for  this 
increased  attenuation,  the  ozone  amounts  are 
found  to  be  nearly  the  same  during  day  as 
well  as  during  night.  Comparative  near- 
simultaneous  observations  made  with  A,  C 
and  D  wave-lengths  with  sunlight  and  moon¬ 
light  and  the  corresponding  values  of  a?AD, 
xA  ,  %c  ,  *d  ,  and  of  8— S'  are  given  in  Table  1 . 
(0— ?■')  =  (®x  — Zad)  (a — a')\. 


At  the  Ozone  Conference  in  Albuquerque 
(1964),  Dr.  Komhyr  of  the  U.  S.  Weather 
Bureau  pointed  out  the  need  for  a  parallax 
correction  to  the  calculated  zenith  angle  Z  of 
the  moon  when  observations  are  taken  with 
the  focussed  moon.  This  arises  from  the  fact 
that  the  distance  of  the  moon  from  the  earth 
is  only  about  60  times  the  earth’s  radius  and 
observations  are  made  from  the  earth’s 
surface  and  not  from  its  centre.  A  correction 
has,  therefore,  to  be  applied  to  the  calculated 
zenith  distance  of  the  moon.  The  magnitude 
of  cos  Z  (to  be  subtracted  from  cos  Z) 
increases  from  0  when  cos  Z  —  1-00  to 
0-006,  when  cos  Z  =  0-80  and  to  0-015  when 
cos  Z— 0-30.  We  are  indebted  to  Dr.  Komhyr 
for  providing  a  copy  of  the  table  which  he  has 
prepared. 

The  large  values  of  3 — S'  and  the  corres¬ 
ponding  apparent  large  increases  in  xD  —  xAD 
and  xc  —  Xaj,  during  night  may  be  noted. 
This  emphasizes  the  importance  of  using 
the  differential  xAD  or  xm  method  when 
making  ozone  observations  with  moonlight, 


*The  observations  made  at  Abu  in  1952-53  showed  that  the  night-time  increase  in  attenuation  took  place 
within  about  an  hour  after  sunset  and  that  the  morning  decrease  occurred  within  about  an  hour  or  two  of  the  sunrise 
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TABLE  1 

Ozone  absorption  coefficients  and  haze  corrections  with  sun  and  moon  observations  at  Ahmedabad 


Date 

X  —  x 

AD 

*a  —  * 

X  -  X 

c 

£  —  X 
D 

(8-S')a 

ft 

1 

ft 

(a— o')D 

(a~a')o 

10  Nov  1962 

Sun 

0-243 

0-003 

0-006 

0-024 

0-006 

1-742 

0-352 

0-805 

10/11  Nov  1962 

Moon 

0-242 

0-019 

0-042 

0-089 

0-033 

1-744 

0-347 

0-802 

29  Nov  1963 

Sun 

0-224 

0-004 

0-007 

0-020 

0-007 

1-743 

0-354 

0-793 

29/30  Nov  1963 

Moon 

0-222 

0-016 

0-032 

0-075 

0-028 

1-743 

0-347 

0-788 

2  Jan  1964 

Sim 

0-234 

0-007 

0-016 

0-030 

0-012 

1-742 

0-352 

0-807 

2/3  Jan  1964 

Moon 

0-231 

0-023 

0-050 

0-105 

0-040 

1-745 

0-342 

0-801 

28  Apr  1964 

Sun 

0-261 

0-003 

0-006 

0-016 

0-006 

1-742 

0-352 

0-794 

28'29  Apr  1964 

Moon 

0-258 

0-011 

0-025 

0-047 

0-019 

1-744 

0-344 

0-802 

Note:  (1)  The  values  of  are  nearly  the  same  during  day  and  the  same  night,  x  ,  %c,  a;  ^  have  been  cal¬ 
culated,  assuming  (a — a')  for  A,  C  and  L  to  be  1-742,  0-800  and  0-354  and  neglecting  haze 
correction. 


(2)  x^  ,  x  x  ,  x  and  the  differences  — a;  are  much  larger  in  night  than  in  day  —  showing  increase 

in  large  particle  scattering  during  night 

(3)  If  these  differences  are  attributed  to  the  same  values  of  (S — 8')  for  A,  C  and  D  wave-lengths,  the  value 

of  the  relative  ozone  absorption  for  C  wave-length  is  found  to  be  about  0  •  800  as  against  0  •  865 
according  to  Vigroux’  measurements 
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The  second  Umkehr  observed  in  Zenith  sky  twilight 

and  its  interpretation 

by  K.  R.  Ramanathan,  P.  D.  Angreji  and  G.  M.  Shah  *, 

Physical  Research  Laboratory 
Ahmedabad  9. 


Resume.  —  Les  observations  de  I'effet  umkehr  sur  le  del  au  zenith  etaient  effectuees  a  I’aide  d’un  spectrophotometre  Dobson 
a  Ahmedabad  sur  3  paires  de  longueur  d’onde ,  A,  C  et  D,  de  1962  a  1965.  Les  observations  s'etendaient  jusqu'au  moment 
ou  le  soleil  etait  de  8  d 10  degres  sous  V horizon.  On  constate  T existence  de  deux  autres  renversements  apres  I'effet  umkehr 
normal.  Les  derniers  effets  umkehr  sur  la  paire  de  longueurs  d'onde  D  se  presentent  quand  le  soleil  est  plus  bas  sous 
I'horizon  que  pour  les  observations  sur  C  et  A.  Lorsque  nous  prenons  la  difference  des  effets  umkehr  A-C,  A-D  ou  C-D, 
il  y  a  un  renversement  pour  toutes  les  differences,  pour  une  depression  solaire  de  5  a  6  degres  sous  I'horizon. 

Sur  un  certain  nombre  de  cas,  quand  les  observations  de  I'effet  umkehr  sont  faites,  les  brillances  crepusculaires 
a  70°  du  zenith  dans  le  plan  meridien  du  soleil  sont  aussi  mesurees,  et  le  taux  maximum  de  variation  de  brillance  avec  le 
changement  de  hauteur  des  rayons  rasants  du  soleil  se  presente  pour  une  depression  solaire  de  5  a  6  degres.  On  suggere 
que  les  deux  phenomenes  sont  en  liaison  et  sont  dus  a  la  diffusion  de  la  lumiere  par  des  aerosols  dans  la  basse  stratosphere 
a  des  altitudes  variant  entre  20  et  28  km. 

Abstract.  —  Zenith  sky  umkehr  observations  were  made  with  a  Dobson  spectrophotometer  at  Ahmedabad  on  three  wave¬ 
length  pairs  A,  C  and  D  from  1962  to  1965.  The  observations  extended  to  times  when  the  sun  was  8°  to  10°  below  the 
horizon.  They  show  the  existence  of  two  more  reversals  after  the  normal  umkehr.  The  later  umkehrs  on  the  D  wave¬ 
length  pair  occurred  when  the  sun  was  lower  down  than  when  observations  were  made  on  C  and  A.  When  we  take  the 
difference  umkehrs,  A-C,  A-D  or  C-D,  all  of  them  show  reversals  when  the  solar  depression  below  the  horizon  is  5°  to  6°. 

On  a  number  of  occasions  when  the  umkehr  observations  were  taken ,  twilight  sky  intensities  at  70°  from  the  zenith 
in  the  sun's  meridional  plane  were  also  measured,  and  the  maximum  rate  of  change  of  intensity  with  change  in  the  height 
of  the  grazing  rays  of  the  sun  was  found  to  occur  when  the  solar  depression  was  5°  to  6".  It  is  suggested  that  the  two 
phenomena  are  related  and  are  due  to  the  scattering  of  light  by  aerosols  in  the  lower  stratosphere  at  varying  heights  between 
20  and  28  km. 


*  Now  working  in  the  Meteorological  Office  Toronto,  Canada 
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Observations  on  the  C  wavelength  pair  made  at 
Mt.  Abu  in  1952  by  R.  N.  Kulkarni  showed  on  some 
days  a  second  reversal  in  log  /'//  when  the  sun  was 
about  3°  below  the  horizon.  /'  and  /  are  the  intensities 
of  3324  A  and  3114  A  respectively.  Diitsch  reported 
a  similar  phenomenon  at  Arosa  in  1959.  Its  presence 
has  also  been  reported  by  Wardle,  Walshaw  and 
Wormell  [1963].  Observations  of  this  phenomenon 
have  been  continued  at  Ahmedabad  on  all  three 
wavelength  pairs  A,  C  and  D  since  1961  by  G.  M.  Shah 
and  P.  D.  Angreji.  The  frequency  of  such  observations 
was  increased  towards  the  end  of  1963  when  the 
bright  twilight  glows  following  the  volcanic  eruption 
at  Mt.  Batur  in  Bali  Island  in  Indonesia  began  to 
be  measured.  Some  preliminary  results  of  these 
observations  were  reported  at  the  Albuquerque 
Symposium  in  September  1964.  In  1964-65,  there 
were  carried  out  on  many  clear  days,  observations 
both  of  umkehrs  and  of  twilight  airglows  and  the 
results  of  these  observations  and  their  discussion 
are  given  in  this  paper. 


Fig.  I 

Umkehr  curves  on  XX'  A  C  and  D  obtained  at  Ahmedabad 
on  12  March  1963.  Difference-umkehrs  A-D,  A-C  and 
C-D  are  also  shown. 


Figure  1  shows  the  three  umkehrs  observed  on 
12  March  1963.  It  will  be  noticed  that  the  first 
minimum  of  the  umkehr  took  place  after  sunset 
on  the  A,  C  and  D  wavelengths  when  the  solar  zenith 
angles  Z  were  about  92°  and  93°  and  95°.  This 
is  followed  by  a  second  maximum  or  hump  at  about 
95°  on  A  and  97°-98°  on  C  and  D  wavelengths. 
The  second  hump  is  most  prominent  on  D  and  least 
prominent  on  A.  When  we  plot  the  difference- 
umkehr  curves  A-D,  A-C  and  C-D,  the  humps  are 
seen  to  occur  in  all  the  three  wavelength  pairs  at 
Z  =  95°,  or  when  0,  the  solar  depression  below 
the  horizon,  is  5°.  Nine  months  later,  on  9  January 
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Fig.  2 

Umkehr  curves  on  XX'  A,  C  and  D  at  Ahmedabad  and  Difference- 
umkehrs  on  9  January  1964;  and  changes  in  twilight-sky 
intensity  on  6600  A  at  70°  zenith  distance  in  the  sun's  meridian 
plane  at  Ahmedabad  on  10  January  1964. 


1964,  when  the  twilight  glow  was  very  bright,  similar 
observations  were  made.  The  post-sunset  umkehrs 
were  more  prominent,  and  the  second  hump  in  D 
occurred  when  9  was  about  10°.  The  humps  in 
the  difference-umkehrs  were  at  0  =  6°-7°.  On  the 
next  day,  10  January  1964,  twilight  brightness  measu¬ 
rements  were  made  on  6600  A  at  an  altitude  of  20° 
above  the  horizon  in  the  sun’s'  meridian  plane.  In 
the  same  Figure  2  are  plotted  the  values  of  A  log  // 
(T  A  log  p),  the  rate  of  change  of  sky-brightness  with 
height  against  0,  the  depression  of  the  sun  below, 
the  horizon.  The  value  of  p  corresponding  to  0 
was  calculated  on  the  assumption  that  the  screening 
height  for  red  light  was  6  km.  It  will  be  noticed 
that  there  is  a  prominent  maximum  of  the  ratio, 
when  0  was  a  little  greater  than  5°.  The  rapid  rise 
in  the  ratio  from  0  =  3°  to  0  =  5°  means  that  we 
are  getting  much  more  light  from  the  sky  at  that 
time  than  from  molecular  scattering  alone  and  the 
subsequent  fall  in  the  ratio  means  that  the  sun’s 
rays  have  passed  above  the  layer  responsible  for  the 
additional  scattering. 
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Fig.  3 

Umkehrs  and  sky  intensity  on  6600  A  (Z  =  70°) 
during  twilight  at  Ahmedabad  on  16  January  1964. 


Fig.  5 


Umkehrs  on  27  October  1964  and  twilight  sky  intensity 
on  6600  A  and  Z  =  70°  on  26  October  1964. 


SOLAR  ZENITH  ANGLE  ,  Z 


Fig.  4 

Umkehrs  and  twilight  sky  intensity  on  6600  A  and  Z  =  70° 

during  twilight  at  Ahmedabad  on  7  February  1964.  770 


Fig.  6 

Umkehrs  on  24  December  1965 
and  twilight  sky  light  on  23  December  1965  (Z  =  70°). 
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Similar  curves  obtained  on  16  January  1964  are 
shown  in  Figure  3.  The  humps  are  flattened  and 
are  less  conspicuous  than  on  9  January  1964,  but 
the  humps  in  the  difference-umkehrs  remain  at 
about  0  =  5°.  The  sky-brightness  curves  at  20° 
altitude  towards  the  sun  is  also  less  conspicuous  than 
on  the  10th,  and  occurs  at  5°  to  6°  solar  depression. 
Similar  curves  obtained  on  7  February  1964,27  Octo¬ 
ber  1964  and  23-24  December  1965  are  shown  in 
Figures  4,  5  and  6.  In  all  these  cases,  the  humps 
in  the  difference-umkehr  curves  occur  at  about 
0  =  5°  to  6°,  although  the  amplitudes  of  the  humps 
differ.  The  significance  of  the  difference-umkehrs 
is  that  the  solar  depressions  at  which  they  occur 
are  only  slightly  influenced  by  the  brightness  of  the 
twilight  sky.  That  large  differences  occur  in  the 
second  maximum  of  the  umkehrs  is  well  shown  in 
the  observations  taken  on  6  January  1961  and 
9  January  1964  (Fig.  7). 


Fig.  7 

Comparison  of  umkehrs  on  6  January  1961  and  9  January  1964. 


Large-particle  scattering  also  affects  the  polarisation 
of  the  light  from  the  sky.  (Dave  and  Ramanathan 
1956,  Dave  1956),  This  is  well  seen  in  the  zenith 
sky  polarisation  observed  on  11  January  1964 
and  1  February  1964  when  the  twilight  glow  was 
prominent  (Fig.  8  and  9). 

The  question  is:  what  is  the  origin  of  the  second 
hump?  Can  it  be  explained  by  the  suspected  night¬ 
time  increase  in  the  partial  pressure  of  ozone  above 
50  km  which  has  been  found  by  some  rocket  ascents 
at  night?  Or,  is  the  second  hump  due  to  the  illumi¬ 
nation  of  the  atmosphere  above  the  region  of  ozone 
maximum  by  light  scattered  by  aerosols  in  the  stra¬ 
tosphere?  Considerable  evidence  for  such  aerosols 
is  now  available  from  observations  of  twilight  made 
in  many  countries  and  from  direct  balloon  observations 
by  Junge  and  his  collaborators  and  by  Newkirk 
and  Eddy. 


EVENING  TWILIGHT 
AHMEDABAD 


Polarisation  of  Zenith-sky  light  during  twilight 
on  ]  1  January  1964.  Umkehrs  on  the  same  evening. 


In  Figure  10  are  plotted  the  intensities  of  primary 
and  multiply  scattered  light  of  wavelengths  3025, 
3225  and  of  3175  and  3400  coming  downward  from 
the  zenith  sky  to  the  ground  when  z  is  85°,  as  calcu¬ 
lated  by  Dave  and  Furukawa.  The  calculations 
refer  to  Rayleigh  scattering  from  a  plane  parallel 
atmosphere  when  the  total  ozone  amount  is  0.323 
atm — cm.  It  will  be  noticed  that  the  intensities  of 
the  long  and  short  wave  radiations  cross  over  at  a 
height  of  about  40  km  in  the  case  of  3025,  3225  A  and 
at  about  32  km  in  the  case  of  3175  and  3400  A.  From 
above  the  cross-over  point,  the  light  of  the  shorter 
wavelength  is  stronger.  As  the  sun  goes  down, 
the  shorter  waves  like  3055  A  and  3114  A  come  only 
from  the  upper  part  of  the  ozone  maximum  region, 
while  the  longer-wave-length  light  continue  to  come 
from  the  lower  layers  also.  When  later,  owing 
to  increasing  ozone-path,  the  longer  wave-lengths 
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AHMEDABAD 

ZENITH  OBS.NS  DURING  EVENING  TWILIGHT 


Fill  9 

Zenith  sky  polarisation  on  30  May  1955,  1!  January  1964 
and  1"  February  1964.  Twilight  glow  was  bright  on  the 
latter  two  evenings. 


SOLAS  ZENITH  ANGLE  =  8S° 


INTENSITY  Of  PRIMARY  ANO  MULTIPLY  SCATTERED  RAOIATION 
FROM  ZENITH  SKY  OF  A  PLANE  PARALLEL  ATMOSPHERE 


Fig.  10 

Intensity  of  primary  and  multiply  scattered  radiation 
from  Zenith  sky  of  a  plane  parallel  Atmosphere  at  2  =-  85“ 
Data  after  Dave  and  Furukawa  [1966]. 


are  also  absorbed  in  the  region  of  the  ozone  maximum, 
we  may  expect  that  the  ratio  log  I'jl  will  gradually 
attain  a  steady  value.  It  has  been  found  that  the 
subsequent  fall  in  the  difference  umkehr  curve  when 
8  =  5°  or  6°  cannot  be  explained  on  the  basis  of  pure 
molecular  scattering,  even  if  there  is  a  small  increase 
in  ozone  concentration  above  55  km. 

Now  consider  Figure  11  in  which  is  shown  an 
aerosol  layer  at  20-25  km  traversed  by  grazing  rays 
from  the  sun.  When  the  sun  is  5°  to  6°  below  the 
horizon,  the  zenith  of  the  observer  at  Q  will  be  in 
(he  direction  QQ'.  The  light  from  the  sun  of  the 


Fig.  11 

Sketch  diagram  illustrating  the  effect  of  an  aerosol  layer 

or.  umkehii  obtained  when  the  sun  is  below  the  horizon. 

shorter  wavelength  coming  in  the  directions  5,,  S4 
and  a  few  kilometers  above  S4  will  be  almost  comple¬ 
tely  absorbed,  but  the  upper  part  of  the  atmosphere 
will  be  illuminated  by  direct  solar  rays  and  also  by 
light  scattered  by  the  tipper  part  of  the  aerosol  layer. 
Owing  to  the  large  solid  angle  subtended  at  by  the 
aerosol  layer  and  the  favourable  direction,  the  scattered 
light  from  the  aerosols  can  be  a  significant  fraction 
of  the  sun’s  direct  radiation.  As  the  sun  goes  further 
down  and  the  observation  point  is  at  R,  the  light 
of  the  longer  wavelength  also  which  is  received  from 
the  aerosols  at  R1  will  be  attenuated.  Ultimately, 
what  will  be  left  will  be  multiply  scattered  light 
from  above  the  ozone  layer  and  the  airglow  radiations 
of  the  twilight  and  night  sky.  In  effect,  the  stratos¬ 
pheric  aerosol  layer  acts  as  a  secondary  source  when 
the  sun’s  rays  graze  the  upper  part  of  the  aerosol 
layer  and  the  second  umkehr  is  the  result.  The 
almost  stationary  position  of  the  difference-umkehr 
at  about  5°  of  solar  depression  in  spite  of  the  great 
variability  in  the  amplitude  and  flatness  of  the  hump 
is  strong  evidence  for  this. 

Manuscrit  recu  le  8  octobre  1968. 
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NOCTURNAL  ATMOSPHERIC  RADIATION 
AT  POONA  -  A  DISCUSSION  OF  MEASUREMENTS 
MADE  DURING  THE  PERIOD 
JANUARY  1930  TO  FEBRUARY  193!. 

By 

K.  R.  Ramanathan  and  B.  N.  Desai,  Poona. 

(With  9  figures.) 

Summary:  Results  of  measurements  of  nocturnal  radiation  at  Poona 
with  an  Angstrom  pyrgeometer  extending  over  a  year  are  analysed.  The 
net  radiation  is  maximum  in  February  and  March  and  minimum  in  the 
monsoon  months  July  to  September.  Comparing  the  results  with  those  ob¬ 
tained  by  W.  H.  &  L.  H.  G.  Dines  in  England,  the  net  radiation  in  any  par¬ 
ticular  month  at  Poona  is  greater  than  that  at  Benson.  Comparing  sky  radi¬ 
ation,  its  value  in  winter  at  Poona  is  smaller  than  that  at  Benson  in  summer 
in  spite  of  higher  temperatures  at  Poona.  This  is  probably  due  to  the  com¬ 
parative  dryness  of  the  atmosphere  over  Poona.  It  is  found  that  there  is  a 
general  agreement  between  the  observed  values  of  sky-radiation  and  those 
calculated  from  Angstrom’s  equation,  although  there  are  significant  depar¬ 
tures  at  high  and  low  values  of  vapour-pressure.  During  the  months  May  to 
October,  the  sky  radiation  on  all  clear  days  reaches  a  value  about  0.75  of  the 
black  body  radiation  at  the  surface  temperature  —  the  maximum  that  may 
be  expected  if  water-vapour  is  practically  the  sole  radiating  constituent. 
Tables  are  given  showing  the  relation  between  night  radiation  and  surface 
inversion  at  night.  The  marked  influence  of  upper  winds  at  Poona  on  sky 
radiation  during  winter  months  is  pointed  out. 

Introduction, 

The  rapid  drop  in  temperature  at  nightfall  which  is  a  characteristic 
feature  of  continental  climates  is  very  well-marked  in  North  India 
during  the  months  November  to  April  and  to  a  less  degree  in  the  Deccan. 
Actual  measurements  of  sky-radiation  in  the  tropics  are,  however,  very 
rare  and  the  measurements  discussed  in  this  paper  were  undertaken 
to  provide  some  reliable  data  on  the  subject  which  will  be  of  use  in  con¬ 
sidering  problems  of  radiation  of  the  atmosphere. 

The  sky  radiation  was  measured  at  night,  generally  between  20 
and  22  hrs.,  with  an  Angstrom's  pyrgeometer.  The  instrument  was 
obtained  from  Mr.  G.  Rose  of  Upsala.  One  of  the  two  strips  of  constantan 
was  coated  with  lamp-black  and  the  other  gilded.  The  instrument  was 
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exposed  horizontally  on  the  top  of  the  tower  of  the  Poona  Meteoro¬ 
logical  Office.  A  calibrated  Siemens  and  Halske  milliammeter  was 
used  to  measure  the  heating  current  and  a  mirror  galvanometer  to 
indicate  the  equality  of  temperatures  of  the  thermo-couples  soldered 
to  the  backs  of  the  strips. 

The  pyrgeometer  was  tested  in  the  following  manner.  A  metal 
vessel  was  prepared  with  a  hollow  cylindrical  dent  at  its  bottom  with 
a  diameter  of  about  15  cm.  The  concave  side  of  the  cavity  was  coated 
with  lamp-black.  The  vessel  was  filled  with  water  at  different  temper¬ 
atures  below  that  of  the  room  and  supported  over  the  pyrgeometer 
so  that  the  instrument  received  radiation  from  the  vessel  over  a  solid 
angle  2  n  and  the  rate  of  loss  of  heat  from  the  black  strip  was  determ¬ 
ined  as  usual  from  the  heating  current  required  to  equalise  the  tem¬ 
peratures  of  the  bright  and  black  strips.  The  radiation  loss  was  found 
to  be  practically  proportional  to  T4  —  when  T  was  the  temperature 
of  the  strips  and  Tx  that  of  the  water  in  the  vessel. 

If  the  black  strip  and  the  hollow  radiator  were  assumed  to  be 
perfect  absorbers  for  long-wave  radiation  and  the  bright  strip  to  be 
perfectly  reflecting,  the  mean  value  of  Stefan’s  constant  came  out 
to  be  8.1  •  10~n  in  agreement  with  the  accepted  standard  value  8.15  •  ID-11. 
The  value  obtained  by  calibration  was  used  in  all  calculations.  The 
vapour  pressure  of  water  at  the  time  of  measurement  of  night  radiation 
was  calculated  from  the  readings  of  the  wet  and  dry  bulb  thermometers 
exposed  in  a  Stevenson  Screen  at  the  top  of  the  tower.  It  was  observed 
(as  was  noticed  by  Angstrom)  that  whenever  the  wind  was  markedly 
unsteady,  the  galvanometer  did  not  have  a  steady  zero.  Movement  of 
low  or  medium  clouds,  or  change  of  their  character  caused  fluctuations 
in  the  balancing  current,  which  were  largest  when  the  clouds  were  over¬ 
head  and  least  when  they  were  near  the  horizon. 

Results. 

The  daily  values  of  radiation  and  weather  elements  at  the  time  of 
observation  together  with  relevant  weather  remarks  will  be  published 
elsewhere. 

In  Table  1  are  given  the  mean  monthly  values  of  air  temperature 
and  aqueous  vapour  pressure  at  the  time  of  observation  including  both 
clear  and  cloudy  days,  black  body  radiation  at  the  temperature  of 
the  instrument,  net  radiation  and  sky  radiation  as  well  as  the  number 
of  observations  on  which  the  means  are  based. 
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Table  1. 


Mean  monthly  values  of  night  radiation  (all  days). 


Month 

No.  of 
obser¬ 
vations 

Air 

Temp. 

Vapour 

pres¬ 

sure 

mm. 

Black  body 
radiation 

Net 

radiation 

Sky 

radiation 

n 

°A 

of  Hg 

goal /cm2  min. 

gcal  /cm2  min. 

gcal  /cm2  min. 

Jan. 

31 

298 

8.5 

0.638 

0.205 

0.433 

Febr. 

34 

297 

8.1 

.631 

.215 

.416 

March 

29 

301 

10.3 

.670 

.214 

.456 

April 

27 

302 

11.6 

.675 

.194 

.481 

May 

25 

301 

16.0 

.669 

.161 

.508 

June 

20 

300 

17.3 

.655 

.114 

.541 

July 

8 

297 

17.1 

.633 

.064 

.569 

August 

17 

297 

16.4 

.629 

.115 

.514 

Sept. 

8 

298 

18.1 

.644 

.097 

.547 

Oct. 

17 

300 

15.9 

.659 

.117 

.542 

Nov. 

26 

298 

11.6 

.638 

.176 

.462 

Dec. 

28 

298 

9.9 

.639 

.184 

.455 

Table  2  contains  the  mean  monthly  values  of  the  same  quantities 
on  clear  days  alone.  The  maximum  and  minimum  net  radiation  from 
the  instrument  and  of  sky  radiation  on  these  days  are  also  given  in  the 
Table.  Days  with  high  cloud  or  with  medium  or  low  cloud  near  horizon 

Table  2. 


Mean  monthly  values  of  radiation  (clear  days). 


Month 

No.  of 
obser¬ 
vations 

Air 

Temp. 

Va¬ 

pour 

Pres¬ 

sure 

Black 

body 

radia¬ 

tion 

Net  radiation 

gcal/cm2  min. 

Sky  radiation 

gcal/cm2  min. 

m 

(5) 

n 

°A 

mm. 
of  Hg 

cal/om2 

min. 

Mean 

Max. 

Min. 

Mean 

Max. 

Min. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(V) 

(8) 

(9) 

(10) 

(11) 

(12) 

Jan. 

30 

297 

8.5 

0.637 

0.207 

0.238 

0.186 

0.430 

0.457 

0.392 

0.68 

Febr. 

34 

297 

8.1 

.631 

.215 

.257 

.173 

.416 

.462 

.335 

.66 

March 

25 

301 

9.9 

.669 

.225 

.257 

.200 

.444 

.474 

.382 

.66 

April 

20 

301 

11.0 

.672 

.214 

.249 

.183 

.458 

.498 

.413 

.68 

May 

16 

301 

16.5 

.664 

.171 

.203 

.138 

.493 

.528 

.456 

.74 

June 

6 

300 

16.7 

.661 

.173 

.196 

.144 

.488 

.518 

.467 

.74 

July 

1 

297 

17.2 

.633 

.152 

— 

— 

.481 

— 

— 

.76 

Aug. 

1 

298 

16.8 

.641 

.152 

— 

— 

.489 

— 

— 

.76 

Sept. 

2 

298 

17.9 

.644 

.149 

— 

— 

.495 

— 

— 

.77 

Oct. 

5 

301 

12.7 

.667 

.165 

.176 

.149 

.502 

.519 

.488 

.76 

Nov. 

22 

297 

10.3 

.636 

.191 

.227 

.147 

.445 

.490 

.406 

.70 

Dec. 

23 

298 

8.8 

.639 

.197 

.244 

.147 

.442 

.502 

.378 

.69 
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and  amount  less  than  one  have  been  taken  as  clear  days;  even  if  the 
sky  was  completely  covered  with  light  high  cloud,  the  day  has  been 
taken  as  a  clear  day  as  it  was  found  that  the  balancing  current  was 
little  affected  by  the  presence  of  such  cloud.  In  the  last  column  are 
given  the  ratios  of  the  mean  sky  radiation  to  the  black,  body  radiation 
at  the  same  temperature. 

Monthly  and  seasonal  variation  of  sky  radiation 

and  net  radiation. 

The  mean  monthly  values  of  sky  radiation  and  vapour  pressure 
on  all  days  (Table  1)  and  on  clear  days  (Table  2)  are  plotted  in  figures  1 
and  2  respectivley. 

From  figure  1  we  find  that  the  skv  radiation  gradually  increased 
from  February  to  July,  decreased  in  August,  slightly  increased  again 
from  August  to  October  and  thereafter  decreased  till  February,  when 
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it  was  lowest.  The  vapour  pressure  curve  also  shows  the  same  tendency. 
The  number  of  observations  in  the  months  July  and  September  are 
only  8  each,  but  on  most  of  the  other  days  in  these  months,  it  was  either 
heavily  clouded  or  was  raining,  so  that  their  inclusion  would  only  lead 
to  an  increase  in  the  value  of  the  sky  radiation.  One  interesting  feature 
of  the  curves  is  the  smaller  vapour  pressure  as  well  as  sky  radiation  in 


August  than  in  July  or  September.  This  is  connected  with  a  break  in 
the  monsoon  over  the  Indian  Peninsula  in  August. 

The  only  difference  of  figure  2  from  figure  1  is  that  there  is  greater 
similarity  between  vapour  pressure  and  sky  radiation  in  figure  2  due 
to  the  elimination  of  the  effect  of  clouds  on  atmospheric  radiation.  The 
number  of  observations  on  clear  days  in  the  months  June  to  September 
are  very  few.  The  existing  data,  however,  show  that  both  sky  radiation 
and  vapour  pressure  vary  little  during  these  months  when  Southwesterly 
moist  winds  blow  in  the  lower  levels  up  to  at  least  2  km. 
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Comparison  of  monthly  mean  values  of  sky  radiation 
with  values  over  England. 

In  figure  2  is  also  given  a  curve  showing  mean  monthly  values  of 
sky  radiation  on  clear  days  at  Benson  (England)  *)  2).  The  following 
points  are  of  interest: 

1.  The  sky  radiation  at  Poona  in  any  month  is  larger  than  that  at 
Benson  in  the  same  month. 

2.  The  sky  radiation  at  Poona  in  winter  is  smaller  than  that  at 
Benson  in  summer  in  spite  of  the  fact  that  temperatures  over  Poona 
are  higher.  This  is  due  to  the  great  dryness  of  the  atmosphere  over  Poona 
during  winter,  a  fact  supported  by  results  of  sounding  balloon  ascents. 


The  monthly  variation  of  net  radiation  at  Poona  and  Benson  is 
given  in  figure  3.  The  nocturnal  radiation  in  any  particular  month  at 
Poona  is  seen  to  be  greater  than  that  at  Benson.  This  difference  is  large 
in  winter  and  hot  season.  There  is  very  little  seasonal  variation  of  net 
radiation  over  Benson.  The  difference  in  net  radiation  at  Poona  and 
Benson  in  different  seasons  is  to  be  expected  from  the  nature  of  the  air 
supplies  over  the  two  places.  The  air  supply  of  Poona  during  winter  and 
hot  season  is  land  air  from  Northwest  India,  Baluchistan  and  Persia 
while  from  June  to  October,  it  is  sea  air  from  between  south  and  west. 
The  air  supply  over  England  is  from  the  Atlantic  throughout  the  year. 

In  his  paper  on  “Further  studies  in  Terrestrial  Radiation”,  Simpson 
has  calculated  the  limits  of  nocturnal  radiation  (maximum  and  mini¬ 
mum)  for  different  temperatures  from  the  absorption  coefficients  of 
water- vapour  and  carbon  dioxide  for  different  wave-lengths. 

The  values  given  in  Table  5  of  his  paper  have  been  plotted  in  figure  4 
as  thick  curves.  The  curves  have  been  extended  to  305°  A.  The  mean 
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monthly  and  extreme  values  of  net  radiation  on  clear  days  in  each 
month  over  Poona  as  given  in  Table  2  have  been  plotted  in  figure  4. 
The  mean  values  are  indicated  by  circles  and  the  extreme  values  by  dots. 
We  find  that  all  these  values  fall  between  the  two  extreme  curves. 

Clear  days 


The  net  radiation  in  May  is  found  to  be  less  than  that  in  March  or  April 
in  spite  of  the  fact  that  the  air  temperature  in  all  the  three  months 
was  the  same.  This  is  due  to  a  gradual  increase  in  water  vapour  content 
of  the  atmosphere  from  March  to  May.  We  also  find  that  the  drier  the 
atmosphere,  the  higher  the  value  of  net  radiation. 

Relation  between  sky  radiation,  vapour  pressure, 

and  temperature. 

From  his  studies  of  the  radiation  of  the  atmosphere,  A.  Angstrom  3) 
has  deduced  the  following  semi-empirical  equation  connecting  sky 
radiation  and  the  aqueous  vapour  pressure  at  the  surface. 
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(1)  Ea  =  St  (0.75  —  0.32  •  10-°-069p) 

where  Ea  is  the  sky  radiation  and  S  is  the  black-body  radiation  at 
the  temperature  of  the  air  at  the  surface  and  p  the  aqueous  vapour 
pressure  in  millimetres  of  mercury.  According  to  (1),  the  value  of  sky 
radiation  from  a  clear  sky  will  lie  between  0.75  and  0.43  of  that  of  a 
black  body  at  the  temperature  of  the  atmosphere  at  the  earth’s  surface. 
Table  3  compares  the  monthly  means  of  the  observed  radiation  on  clear 
days  with  the  values  calculated  according  to  (1). 

Table  3. 


Mean  monthly  values  of  sky  radiation  (clear  days). 


Month 

Jan. 

Febr. 

Mar. 

Apr. 

May 

Jun. 

! 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Ea 

Calcu¬ 

lated 

Ea 

0.425 

.419 

.453 

.460 

.486 

.480 

.463 

.468 

.468 

.468 

.431 

.430 

Obser¬ 

ved 

i 

0.430 

.416 

.444 

.458 

.493 

.488 

.481 

.489 

.495 

.502 

.445 

.442 

It  is  not  quite  correct  to  extrapolate  the  equation  to  zero  value  of 
humidity,  but  as  has  been  explained  by  Simpson,  owing  to  the  very 
high  absorptivity  of  water-vapour  for  some  regions  of  long-wave  radia¬ 
tion  spectrum,  the  radiating  power  of  the  atmosphere  is  high  even  for 
exceedingly  small  quantities  of  moisture-content. 

The  daily  values  show  that  the  limits  of  sky  radiation  on  clear 
days  at  Poona  lie  between  0.77  and  0.58  of  that  of  a  black-body  at  the 
temperature  of  the  atmosphere  near  the  instrument  and  that  the  maxi¬ 
mum  value  is  reached  on  practically  all  clear  days  during  the  months 
May  to  October. 

There  is  good  agreement  between  the  calculated  and  observed 
average  monthly  values  in  the  drier  part  of  the  year.  In  the  wet  months 
July  to  October,  the  observed  values  are  generally  higher.  This  may 
be  due  either  to  the  cloud  haze  that  is  often  present  in  the  atmosphere 
in  these  months  or  to  the  imperfect  applicability  of  the  formula  when 
the  vapour  pressures  are  high.  It  should  be  remembered  that  the  num¬ 
ber  of  observations  in  these  months  is  also  small. 

The  individual  values  of  sky  radiation  on  clear  days  are  plotted 
in  figure  5  together  with  the  curve  of  Angstrom’s  equation  *)  given 
above.  The  black  dots  which  represent  the  values  in  the  months  June 
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SKY  RADIATION  (reduced  of  20° C) 
Cal  cm~2  min'1 
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to  October  are  generally  higher  than  those  given  by  the  curve.  Also 
when  the  vapour  pressure  is  below  7  mm.  which  usually  occurs  under 
anti-cyclonic  condition  in  the  months  December — March,  there  is  a 
tendency  for  the  observed  values  to  be  higher  than  the  calculated. 
This  is  not  surprising  as  Angstrom’s  equation  does  not  take  into  account 
variations  of  upper  air  temperatures  and  humidities. 

Surface  inversion  and  nocturnal  radiation. 

At  the  Poona  Meteorological  Office,  thermographs  are  kept  in 
Stevenson  Screens  supported  on  4  ft.  stands  on  the  top  of  the  tower 
and  on  the  ground  in  the  office  compound.  A  grass  minimum  ther¬ 
mometer  is  also  exposed  near  the  ground  Stevenson  Screen.  In  Table  4 
are  given  the  number  of  occasions  when  the  difference  between  the 
minimum  temperatures  recorded  in  the  Stevenson  Screen  on  the  ground 
and  by  the  grass  minimum  thermometer  had  various  values  ranging 
from  0°F  to  12°  F  and  the  corresponding  mean  values  of  net  radiation 
on  the  previous  night. 

Table  4. 

Clear  days. 

Stevenson  Screen  minimum  —  grass  minimum.  ( S — G)  °F. 

2  3  4  5  6  7  8  9  10  11  12 

Number  of  occasions. 

2  3  9  18  22  20  22  27  25  8  1 

Average  net  radiation  gcal/cm2  min. 

0.038  0.153  0.152  0.174  0.191  0.208  0.207  0.209  0.224  0.223  0.242 

Only  clear  nights  or  nights  on  which  there  was  no  appreciable 
alteration  of  high  cloud  amount  (with  no  middle  or  low  clouds)  have 
been  considered  for  the  purpose  of  this  table.  In  figure  6  are  plotted 
the  individual  values  of  net  radiation  against  the  difference  between 
the  4  ft.  screen  minimum  and  grass  minimum.  The  mean  values  of 
net  radiation  for  definite  values  of  difference  between  the  screen  and 
grass  minimum  are  also  plotted  as  circles.  It  will  be  seen  that  the  strength 
of  the  inversion  grows  at  increasing  rates  as  the  net  radiation  increases. 
Radiation  tends  to  produce  stratification  while  turbulence  tends  to 
destroy  it.  For  any  value  of  eddy  diffusivity  there  will  be  a  definite 
value  of  radiation  required  to  set  up  stratification;  with  increase  of 
radiation  in  excess  of  this  value,  the  stratification  will  increase  in 
intensity. 
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In  Table  5  are  given  the  number  of  clear  days  on  which  the  difference 
between  the  minimum  temperatures  recorded  in  the  Stevenson  Screens 


0  0.05  0.10  0.15  0.20  0.25 

NET  RADIATION  Cal  cnf 2  min'1 

Fig.  6. 


Clear  days 


at  a  height  of  4  ft.  above  ground  (S)  and  on  the  top  of  the  Tower  ( T) 
had  values  ranging  from  0°  to  14°  F  and  the  corresponding  mean  values 
of  net  radiation.  The  individual  and  mean  values  are  plotted  in  figure  7. 
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Table  5. 

Clear  days. 

Tower  S.  S.  Min.  —  Surface  S.  S.  Min.  ( T — S)  °F. 

0  1  2  3  4  5  6  7  8  9  10  11  12  13  14 

Average  net  radiation  gcal/cm2  min. 

0.038  .153  .172  .194  .189  .207  .209  .210  .213  .213  .222  .229  .231  .235  .245 

Number  of  occasions. 

2  13  3  5  3  9  28  33  24  12  4  5  5  2  2 

The  inversion  extends  appreciably  above  4  ft.  only  when  the  net 
radiation  exceeds  0.150  gcal/cm2  min. 
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Sky  radiation  and  upper  winds. 

As  the  intensity  of  the  sky  radiation  is  intimately  connected  with 
the  moisture  content  of  the  atmosphere,  it  may  be  excepted  that  the 
source  of  supply  of  air  in  the  upper  atmosphere  and  hence  the  direction 
of  upper  wind  will  influence  the  sky  radiation,  especially  in  those  sea¬ 
sons  and  days  when  the  moisture  near  the  surface  is  small. 


In  figure  8  are  plotted  the  daily  values  (in  November  1930)  of 
morning  upper  winds  at  1,  2,  3,  4  and  6  kins.,  and  the  values  of  sky 
radiation  measured  on  the  night  of  the  same  day.  The  vapour  pressure 
near  the  pyrgeometer  at  the  time  of  measurement  of  the  sky  radiation 
and  the  minimum  temperature  recorded  next  morning  near  the  ground 
are  also  plotted  for  comparison.  It  will  be  seen  that  winds  with  southerly 
components  at  2  to  4  km.  were  generally  accompanied  by  high  values 
of  sky  radiation,  and  when  the  winds  were  northerly  to  easterly  at 
these  levels,  the  sky  radiation  was  generally  small.  It  will  also  be  noticed 
that  northerly  to  northeasterly  winds  are  accompanied  by  smaller 
values  of  sky  radiation  than  northwesterly  winds.  This  is  due  to  the 
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fact  that  in  the  former  case,  Poona  is  situated  to  the  southwest  of  the 
seasonal  anticyclone  which  extends  up  to  about  3  km.  while  north¬ 
westerly  winds  at  2  and  3  km.  over  Poona  occur  in  the  immediate  rear 
of  western  disturbances  moving  eastward  across  N. India.  The  winds 
and  radiation  on  the  8th  to  15th  show  that  the  direction  of  wind  at  6  km. 
and  above  has  little  influence  on  the  radiation.  A  Southeasterly  wind 
at  1  km.  alone  does  not  appear  to  be  markedly  different  from  an  easterly 
at  the  same  level.  The  wind  at  2  km.  gives  the  best  index  of  an  increase 
of  moisture  content.  All  the  quantities  skyradiation,  vapour  pressure, 
minimum,  temperature  on  the  next  morning,  and  direction  of  wind 
at  2  km.  go  together.  The  number  of  feathers  in  the  arrows  represents 
the  wind  velocity  on  the  Beaufort  Scale. 

In  the  comparatively  hotter  and  moister  month  of  May  the  sky 
radiation  is  very  little  dependent  on  upper  winds  (figure  9). 

References. 
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A  Note  on  the  General  Spectrum  of  the  Night  Sky 

as  observed  in  India. 

By 

K.  R.  Ramanathan,  M.A.,  D.Sc. 

Solar  Physics  Observatory ,  Kodaikanal. 

(Plate  XXX.) 

( Received  for  publication,  5th  September ,  1932.) 

The  presence  of  the  green  line  5577A  due  to  neutral 
atomic  oxygen  may  be  considered  to  he  established  in  the 
spectrum  of  the  night  sky  in  all  parts  of  the  world.  But 
there  is  still  considerable  lack  of  knowledge  regarding  the 
general  spectrum  accompanying  it.  L.  A.  Sommer  1  from  his 
examination  of  plates  obtained  at  Gottingen,  came  to  the 
conclusion  that  nitrogen  bands  are  normally  present  in  the 
night  sky  as  in  polar  aurora,  while  Lord  Rayleigh 2  has 
adduced  strong  reasons  for  the  view  that  the  spectrum  of  the 
normal  night  sky  is  essentially  different  from  that  of  the 
polar  aurora  in  as  much  as  the  former  does  not  show  the 
negative  nitrogen  hands  which  is  a  striking  characteristic  of 
the  latter,  and  besides,  shows  two  lines  (or  bands)  which  he 
calls  Xj  and  X2  located  at  4419  and  4168A.  In  a  recent  note, 
M.  J.  Dufay8  has  tabulated  a  large  number  of  bands  obtained 

1  L.  A.  Sommer,  Z.  Physik,  Vol.  57,  p.  582  (1929). 

2  Lord  Rayieigh,  Proc.  Roy  Soc..  A  Vol.  131,  p.  376  (1929). 

3  J.  Dufay,  Comptes  Rhndus,  .Voi.  193,  p.  1106  (1931). 


Ind.  Joum.  Phys.  7,  405^10,  1932-33. 
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in  the  spectrum  of  the  western  night  sky  taken  in  France ; 
although  some  of  the  hands  are  common  to  the  aurora  and 
the  night  sky,  the  two  cannot  be  considered  as  being 
identical. 

Id  view  of  the  general  interest  of  the  question  and  the 
non-agreement  of  views  between  different  investigators  a 
few  long  exposure  photographs  of  the  spectrum  of  the  clear 
night  sky  were  obtained  at  Poona  (lat.  18°  30')  in  February 
and  March  of  this  year.  Owing  to  the  low  latitude,  we 
may  be  fairly  confident  that  the  spectra  will  not  be  affected 
by  even  faint  auroral  discharges.  Some  comparative  spectra 
of  zodiacal  light  were  also  obtained. 

The  spectrograph  used4  had  a  single  flint  prism,  the 
collimator  having  a  focal  length  of  12  in.  and  aperture  1*5 
in.  and  the  camera  having  a  Dallmeyer  lens  of  focal  length  2 
inches  and  aperture  ratio  F/1’5.  The  dispersion  of  the 
instrument  was  such  that  the  distance  between  the  green  line 
5577 A  and  the  H  line  of  the  solar  spectrum  on  the  plate  was 
about  3' 5  mm.  The  plates  used  were  Extrema-Ortho  or 
Finogran  manufactured  by  the  Mimosa  A.G.  of  Dresden. 
This  has  a  region  of  high  sensitivity  from  5400-5750  and 
4800-3900  A.U.  A  good  spectrum  was  obtained  with  an 
exposure  of  25^  hours  on  five  nights  on  clear  moonless 
skies  between  the  11th  and  15th  February .  The  exposures 
were  made  with  the  collimator  facing  south-west  at  an  angle 
of  25°  with  the  horizon  and  the  slit-width  was  0’67  mm.  As 
all  the  exposures  were  after  22  hs.  30  m.,  the  spectrum  would 
not  be  affected  by  the  zodiacal  light.  Another  good  plate 
was  obtained  between  the  dates  28th  February  and  5th  March 
with  a  slit  of  0*47  mm.,  the  total  time  of  exposure  being  36f 
hrs.  For  showing  the  lines  or  bands  more  distinctly  in  print, 
Fig.  1  was  obtained  by  superposing  the  two  long  exposure 
night  sky  spectra  and  making  an  enlargement.  The  close 

4  K.  R.  Ramanathan,  ‘  Nature,’  February  20  (1932). 


790 


RAMANATHAN 


plate  XXX 


Fig- 


Night  sky  spectrum,-  effective  exposure 


62  hrs. 


Night  sky  spectrum. 

Slit  0'67  mm., -exp.  25  £  hrs. 


Zodiacal  light  and  night  sky. 
Slit  0‘67  mm.  ,-  total  exp.  10  hrs. 


Twilight  sky. 

Slit  0’27  mm.  ,-51  to  36  min.  before 
sunrise. 


Fig.  3.  Microphofograms  of  night  sky  spectra. 

(a)  Slit  0'47  mm.,-  exp.  36|  hrs.  791  <b>  Same  as  fig.  2  <a>  : 
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resemblance  of  this  night  sky  spectrum  with  that  obtained 
by  Slipher  (and  reproduced  in  Lord  Rayleigh’s  paper)  shows 
that  the  occurrence  of  the  general  spectrum  in  the  non-polar 
aurora  is  as  much  a  world-wide  phenomenon  as  that  of  the 
more  conspicuous  green  line  and  is  quite  distinct  from  the 
polar  aurora.  The  bright  lines  or  bands  referred  to  by  Lord 
Rayleigh  as  Xx  and  Xa  are  marked  in  the  figure.  In  order  to 
convey  an  idea  of  the  relative  intensities  of  the  bands, 
microphotometric  traces  of  the  plates  are  shown  in  Figs.  3(a) 
and  3(6). 

The  following  table  gives  the  approximate  wave-lengths  of 
the  more  conspicuous  of  the  lines  or  bands  as  measured  from 
these  plates.  The  wave-lengths  are  calculated  by  using  Hart¬ 
mann’s  formula,  the  constants  being  determined  from  the 
measurements  of  the  positions  of  hydrogen  and  helium  lines 
in  a  comparison  spectrum,  and  the  known  wave-length  5577 A 
being  made  use  of  to  go  over  from  one  spectrum  to  the  other. 
Other  plates  with  still  shorter  exposures  also  show  some  of 
these  bands  and  wave-lengths  obtained  from  them  agree  within 
the  accuracy  of  measurement  with  those  obtained  from  these 
two  plates. 

There  are  many  other  lines  listed  by  Sommer  and  Dufay 
but,  with  the  limited  range  of  sensitiveness  of  the  Mimosa 
plate  and  the  low  dispersion  employed,  more  lines  could  not  be 
definitely  identified  in  my  plates. 

It  is  interesting  in  this  connection  to  recall  the  old  obser¬ 
vations  of  Mr.  E.  A.  Fath5  on  the  integrated  spectrum  of  the 
Milky  Way  who,  with  an  exposure  of  65  hs.  13  m.,  obtained 
a  spectrum  which  showed  a  bright  line  at  416j up,  and  “  faint 
additional  absorption  lines  at  411,  421  and  448/up,.”  He  also 
noted  that  the  line  G  was  very  broad.  From  his  description  of 
the  spectrum  and  its  reproduction  in  the  paper,  it  shows  great 
resemblance  to  the  spectrum  of  the  night  sky.  As  both  Fath 

5  E.  A.  Fath,  ‘Astrophys.  Jour.’  Vol.  36,  p.  362  (1912). 
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Table  I. 

Positions  of  Lines  or  Bands  in  the  Night  Sky  Spectrum. 


1 

2 

3 

4 

6 

Observed  at 
Poona 

Observed  by  | 

Lord  Rayleigh  j 

Observed  by 

Sommer 

Observed  by 

Dufay 

•*“  bo 

fi  « 

p  <B  » 

t  2 

CVrg 
^  77*  © 

o  ®  N 

1 

5577A 

5577 

5577 

5577 

5577 

2 

4555 

— 

4552 

4554 

— 

3 

4430 

4419 

4457  ) 

jL 

4449  4 

4.424 

4422} 

4422} 

4 

4270 

4270 

4268 

4280 

5 

4180 

4168 

4166 

4171 

4175 

6 

409C 

4080 

7 

4040 

4044 

— 

8 

3960 

3976  4 

3384  } 

3946  ) 

3951 ) 

— 

9 

3916 

3914 

3916 

and  Lord  I  ry^gh  have  assumed,  it  is  possible  that  there  is  a 
backgrou-  of  continuous  spectrum  with  the  Fraunhofer  lines 
on  them.  In  that  case  the  last  of  the  “lines  ”  in  the  above 
table  would  correspond  to  the  bright  region  between  the  H 
and  X  lines  and  the  last  u  gap  **  to  the  K  line,  but  with  the 
low  dispersions  so  far  employed  we  cannot  be  very  certain 
about  the  identity  of  the  lines.  Kaplan 6  has  suggested  that 
X1  and  X2  are  emitted  by  singly  ionized  oxygen  atoms  with 
wave  lengths  4416*97  and  4169* 23A,  but  the  reason  why 
these  two  lines  should  be  selected  is  not  at  all  evident.  While 

6  J.  Kaplan,  Phys  Rev.,  Vol.  38,  p.  1048  (1931). 
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there  seems  to  be  little  doubt  that  4275  and  3916  are  to  be 
Identified  with  negative  nitrogen-band  heads,  the  securing  of 
better  resolved  spectra  of  the  night  sky  and  a  more  precise 
determination  of  the  wave-lengths  involved  are  necessary 
preliminaries  to  tracing  the  origin  of  the  lines. 

There  is  nothing  to  indicate  that  the  nights  should  be 
exceptionally  bright  in  order  to  show  the  general  spectrum 
other  than  the  green  line.  Whenever  sufficient  exposure  has 
been  given,  the  spectrum  has  come  out  with  similar  charac¬ 
teristics.  The  relative  intensities  of  the  bands  do  not  however 
remain  constant.  This  can  well  be  seen  by  comparing  the 
microphotograms  in  Figs.  3  and  4.  The  wave-lengths  4430 
and  4180  are  comparatively  weaker  in  Fig.  4.  As  Lord 
Rayleigh  has  pointed  out,  some  exceptionally  bright  nights 
do  occur.  For  instance,  a  four-hour  exposure  on  the  night 
of  11-4-31  from  the  roof  of  the  Indian  Association  for  the 
Cultivation  of  Science  at  Calcutta  brought  out  the  bands  more 
clearly  than  many  exposures  of  much  longer  duration. 

In  order  to  show  the  difference  between  spectra  of  the 
zodiacal  light,  the  light  of  the  night  sky  and  the  twilight  sky, 
photographs  of  these  are  given  in  Fig.  2.  Fig.  2  (6)  is  really 
a  composite  of  zodiacal  light  and  night  sky,  the  exposures 
being  towards  the  west  sky  from  the  end  of  evening  twilight 
to  midnight  and  towards  the  east  from  midnight  to  moonrise, 
the  total  time  of  exposure  being  10  hours.  The  intensity  of 
the  zodiacal  light  falls  off  rapidly  on  the  shorter  wave  length 
side  of  4400A.  The  Fraunhofer  lines  G  and  H  can  be  identi¬ 
fied  in  it  and  the  line  5577A  comes  out  strong.  Some  of  the 
other  peaks  of  intensity  in  it  correspond  to  bands  in  the  niirht 
sky  spectrum,  but  it  requires  further  study  to  say  whether 
these  are  due  to  the  background  of  the  night  sky  or  are 
characteristic  of  the  zodiacal  light.  Slipher7  has  recently 

1  V.  M.  Slipher,  Lowell  Obs  Circ.  February  20  (1931),  reported  in  Popular 
Aibronomy,  Vol.  40,  p.  439  (1932). 
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reported  the  finding  of  emission  lines  or  bands  near  5577 A, 
4424A,  4280A,  4175A,  4080A  and  3916A  in  the  spectrum  of 
the  zodiacal  light.  It  will  he  seen  from  Table  I  that  the  first 
five  of  these  agree  within  the  accuracy  of  measurement  with 
the  bands  listed  in  Table  I. 

My  thanks  are  due  to  Mr.  S.  P.  Venkateswaran,  M. A.,  for 
his  kind  help  in  constructing  the  spectrograph. 
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Investigation  of  the  Solar  Corona  without  an  Eclipse. 

By  Dr.  K.  B.  Bamanathan,  n.sc. 


rPHE  study  of  the  solar  corona  has  been, 
till  recently,  confined  to  short  intervals 
during  total  solar  eclipses,  when  the  over¬ 
powering  light  of  the  sun  is  shielded  from 
the  earth  by  the  moon’s  disc.  In  a  paper 
read  before  the  French  Physical  Society  by 
M.  Bernard  Lyot  of  the  Meudon  Observatory 
near  Paris  an  experimental  technique 
worked  out  by  him  was  described  which 
provides  a  new  method  for  investigating  the 
light  of  the  corona  at  all  times  when  the 
sky  is  sufficiently  clear  and  thus  gathering 
more  knowledge  regarding  this  outer  exten¬ 
sive  tenuous  envelope  of  the  sun. 

The  most  important  obstacles  to  the 
observation  of  the  comparatively  feeble  light 
of  the  corona  under  normal  conditions  are  : 
firstly,  the  scattering  of  light  by  the  solid 
and  liquid  particles  suspended  in  the  atmo¬ 
sphere  and  secondly,  the  scattering  of  light 
by  imperfections  in  the  optical  system  of 
the  instrument  used  in  the  observation. 
The  scattering  by  the  gaseous  constituents 
of  the  atmosphere  are  of  comparatively 
little  importance. 

The  only  way  of  getting  over  the  first 
difficulty  is  to  make  the  observations  from 
a  high-level  station  which  lies  well  above 
the  low-lying  dust  layers  and  at  times  which 
are  comparatively  free  from  atmospheric 
disturbances.  Mons.  Lyot  made  his  obser¬ 
vations  from  Pic  der  Midi  in  S.  France 
with  an  elevation  of  2,800  meters  above  sea- 
level.  Using  a  faultless  telescopic  objective 


and  stopping  it  down  to  about  4"  diame¬ 
ter,  he  formed  an  image  of  the  sun  on  a 
blackened  disc  whose  diameter  exceeded 
that  of  the  sun's  image  by  a  few  seconds. 
Another  lens  placed  behind  the  disc 
produced  an  image  of  the  first  lens  on  a 
diaphragm  whose  centre  was  occupied  by 
a  small  opaque  screen.  The  edge  of  the 
diaphragm  cut  off  the  light  diffracted  by  the 
edges  of  the  first  lens  and  the  small  screen 
stopped  the  light  of  the  sun’s  image  formed 
by  internal  reflection  from  the  faces  of  the 
first  lens.  A  well  corrected  objective  placed 
behind  the  diaphragm  and  screen  formed 
an  image  of  the  corona. 

Examining  the  image  with  an  eyepiece 
the  prominences  could  be  seen  round  the 
edge  of  the  sun  with  a  rosy  red  colour.  When 
the  atmospheric  conditions  are  particularly 
good,  the  corona  also  could  be  photographed 
using  a  red  filter. 

Placing  the  slit  of  a  spectrograph  tan¬ 
gential  to  the  image  of  the  disc,  the  red  and 
green  rays  of  the  corona  (6375  A  and  5503  A) 
could  be  photographed. 

It  is  hoped  that  by  installing  one  of  these 
instruments  in  a  selected  high  level  station, 
it  would  be  possible  to  follow  day-to-day 
changes  of  solar  corona  and  investigate 
its  relationship  to  prominences  and  sunspots 
and  perhaps  also  to  related  terrestrial 
phenomena  such  as  magnetic  storms  and  the 
reflection  of  electric  waves  from  the  upper 
atmosphere. 


Curr.  Sci.  1,  33,  1932-33. 
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Non-polar  Auroral  Light  from  the  Night  Sky 
in  the  Tropics 

In  a  previous  communication  from  one  of  us,1 
it  was  stated  that  the  brightness  of  the  auroral  green 
line  in  the  northern  and  southern  night  skies  at 
Poona  (lat.  18“  31'  N.)  does  not  show  the  midnight 
maximum  observed  by  Lord  Rayleigh  and  by 
McLennan  and  his  collaborators  in  temperate  lati¬ 
tudes.  Further  estimates  of  intensity  obtained  by 
exposing  Mimosa  extreme  orthochromatic  plates 
through  suitable  green  and  orange  filters,  and  with 
an  aperture  of  about  45°  towards  the  zenith,  shows 
definitely  that,  in  general,  the  brightness  of  the  over¬ 
head  sky  gradually  decreases  from  sunset  to  a  mini¬ 
mum  at  about  midnight,  and  increases  after  midnight. 

To  test  whether  the  result  was  due  to  admixture 
with  zodiacal  light  (it  is  questionable  whether  we 
should  consider  it  as  separate  from  night  sky  light), 
simultaneous  photographs  were  taken  on  a  few 
occasions  of  the  spectrum  of  the  sky  with  the  spectro¬ 
graph  pointed  approximately  towards  the  pole  star. 
These  confirm  that  even  in  the  north  sky  there  is  a 
distinct  minimum  of  brightness  within  an  hour  of 
midnight,  It  may  be  mentioned  that  the  nights 
were  all  perfectly  clear.  Occasional  casual  variations, 
such  as  have  been  noted  by  various  observers  in 
(Europe  and  America,  also  occur. 

If  the  excitation  of  the  green  line  is  directly  or 
indirectly  due  to  ultra-violet  light  from  the  sun,  one 
would  a  priori  expect  a  minimum  brightness  of  the 
sky  some  time  after  midnight  depending  on  the 
height  of  the  effective  layer  of  atomic  oxygen.  The 
maximum  brightness  observed  in  temperate  latitudes 
at  about  this  hour  is  in  need  of  adequate  explanation. 

K.  R.  Ramanathan. 

J.  V.  Kakandikae. 

Meteorological  Office, 

Ganeshkind  Road,  Poona  5, 

Jan.  14. 

1  [Nature,  129,  280,  Feb.  20,  1932,] 


Nature,  129,  545,  1932. 
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Spectrum  of  the  Night  Sky  an  !  the  Zodiacal  Light 

In  a  recent  paper1,  one  of  us  has  described  the 
general  nature  of  the  spectrum  of  the  night  sky 
as  observed  in  India,  and  pointed  out  that  besides 
the  green  line  5577  A.  originating  in  atomic  oxygen, 
there  are  many  other  lines  which  have  also  to  be 
considered  as  general  characteristics  of  the  spectrum 
of  the  night  sky  at  all  latitudes  of  the  earth.  As 
has  been  emphasised  by  Lord  Rayleigh,  this  spectrum 
is  quite  distinct  from  that  of  the  polar  aurora  ;  the 
second  negative  bands  of  nitrogen  (N2+)  which  are 


Fig.  I.  Spectrum  of  (a)  zodiacal  light  plus  night  sky  ;  total 
exposure,  27  hours  ;  (6)  night  sky  ;  exposure,  75  hours. 

a  conspicuous  feature  of  the  spectrum  of  the  polar 
aurora,  are  absent  or  only  very  faintly  present  in 
the  night  sky  spectrum. 

During  the  early  part  of  this  year,  we  succeeded  in 
obtaining  exceptionally  well-exposed  spectra  both  of 
the  night  sky  and  of  the  zodiacal  light  at  Poona. 
Fig.  1,  which  was  obtained  with  the  spectrograph 
described  in  the  paper  referred  to  above,  shows 
both  the  spectrum  of  the  night  sky  (below)  and  that 


of  the  zodiacal  light  (above).  The  exposure  for  the 
night  sky  was  towards  the  north  at  an  angle  of  20° 
above  the  horizon  and  lasted  75 \  hours  (April  12-29, 
1933),  while  for  the  zodiacal  light  it  was  mostly 
towards  the  west  sky  at  the  same  angle  and  of 
duration  21£  hours.  (By  an  unfortunate  oversight, 
the  zodiacal  light  had  superposed  on  it  an  additional 
5|  hours’  exposure  towards  the  north  sky.)  The 
night  sky  spectrum  shows  besides  the  5577  line, 
more  than  thirty  ‘lines’  between  5900  A.  and  3700  A., 
two  of  which  are  on  the  red  side  of  5577  A.  The 


^  *4  *4  If 

Fig.  2.  Spectrum  of  night  sky  ;  exposure,  181  hours  ; 
comparison  spectrum,  helium. 


strongest  ‘lines’  occur  at  4840,  4690,  4553,  4424, 
4180  and  4085  A.  and  the  photographically  brightest 
region  of  the  spectrum  lies  between  4830  and  4530  A. 
The  spectrum  of  the  zodiacal  light  also  shows  the 
emission  lines  or  bands  observed  in  the  night  sky. 
The  plate  used — Mimosa  orthochromatic — was  not 
sensitive  to  the  red. 

Fig.  2  shows  a  spectrum  obtained  with  a  spec¬ 
trograph  of  higher  dispersion  (11-4  mm.  between 
5876  A.  and  3900  A.).  The  exposure  lasted  181 
hours  between  March  7  and  May  1,  1933.  From  a 
comparison  with  the  spectrum  of  the  night  sky 
observed  by  Dufay2  in  France,  it  is  seen  that  there 
is  almost  an  identity  between  the  spectra  as  observed 
in  India  and  in  France,  both  as  regards  the  position 
of  the  lines  and  their  relative  intensities. 

It  is  generally  held  that  the  spectrum  of  the  night 
sky  contains  a  background  of  continuous  spoctrum 
with  Fraunhofer  lines.  In  the  spectra  we  have 
obtained,  there  is  no  positive  evidence  of  the  existence 
of  Fraunhofer  lines. 

A  fuller  discussion  of  the  spectra  will  be  published 
elsewhere. 

K.  R.  Ramanattian. 

J.  V.  Kabandikab. 

Meteorological  Office, 

Poona,  India. 

Sept.  28. 

1  Ind.  J.  Phys.,  7,  405  ;  1932. 

•  J.  Phyi.,  Ser.  7,  4,  221 ;  1932. 
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The  radiation  coming  from  an  isothermal  atmosphere1  at  temperature  T 
with  water- vapour  content  w  is  given  by 


°°  00 

S™  —  2tt j  JAt  H3(0)dA  — 2tt  J  JAt  H 3(fcAw)  dX 


(1) 


where  JA^A  is  the  energy  of  radiation  contained  between  the  wave-length 
limits  A  and  A  +  dX  and  emitted  per  unit  solid  angle  by  unit  area  of  a  black- 
body  at  temperature  T  in  unit  time,  k\*  is  the  (Naperian)  coefficient  of  absorp¬ 
tion  at  wave-length  A  and 


o° 

HJkw)  =J  exp  (—  kwi;) 


dl 


The  first  term  on  the  right  represents  the  full  black-body  radiation  at 
temperature  T  and  the  second  term  the  radiation  received  by  unit  area  from 
an  infinitely  extended  plane  black  surface  at  temperature  T  (parallel  to  the 
unit  area)  after  passing  through  an  atmospheric  layer  containing  w  gms. 
of  precipitable  water. 

To  a  first  approximation2 


H3(&7£’)  =  \  exp  ( —  4  kw). 
Since  H3(0)  =  \ 


77  f Jat  dX  —77 j  J  A  o  dX  exp  ( —  |  fcA  w). 


(2) 


*  Throughout  the  paper,  k  is  used  to  indicate  the  absorption  coefficient  when  the 
transmission  is  expressed  as  a  power  of  e,  and  a  the  coefficient  when  transmission  is 
expressed  as  a  power  of  10.  a  -  0*434  k. 
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Now,  we  can  divide  the  total  radiation  from  a  black-body  into  n  groups, 
Si,  S2,  S3,  .....  Sw  depending  on  the  value  of  the  absorption  coefficient  of 
the  water-vapour  in  the  order  of  increasing  k.  The  radiation  from  an 
isothermal  atmosphere  will  then  be  given  by 

8%  —  Sx— Sj.  exp  (  — |  k1w)+ S2  — S,  exp  (— §■  k2w) 

+ - +S*— S„  exp  (  — |  knw). 

If  hx  is  very  small,  exp  ( —  §  k]W)  is  very  nearly  equal  to  unity  and  if  kn 
is  very  large,  exp  ( —  f  knw)  is  negligibly  small. 

To  a  first  approximation,  we  can  divide3  the  wave-lengths  of  the  atmos¬ 
pheric  radiation  into  three  groups. 

{a)  those  for  which  k  for  water-vapour  is  very  small,  ( b )  those  for 
which  k  is  a  definite  single  value,  and  (c)  those  for  which  k  is  large.  If 
the  black-bod}^  radiation  comprised  within  these  three  groups  loe  S*,  S2  and  S3, 

S“  =  S2-(-S-3  —  S2  exp  (— |  koiv)  ..  ..  ..  . .  (3) 

Equation  (3)  is  similar  in  form  to  Angstrom’s  empirical  formula  for  atmos- 

s 

pheric  radiation,  viz.,  —  A  —  where  A,  B  and  y  are  constants, 

T  is  the  temperature  and  e  the  aqueous  vapour  pressure  at  the  place  of 
observation.  A  and  B  have  the  values  0-77  and  0-28  and  y  =  0-074  when 
e  is  expressed  in  mm. 

From  the  absorptive  properties  of  water-vapour,  it  is  possible  to  evaluate 
the  values  of  the  constants  in  the  above  equation  if  we  make  reasonable  sub¬ 
division  of  the  spectrum  into  regions  with  different  mean  values  of  absorption 
coefficients.  A  suitable  division  is  obtained  if  we  gioup  together  (1)  regions 
in  which  the  decimal  absorption  coefficient  a  lies  below"  1,  (2)  regoins  where  a 
lies  between  1  and  10,  and  (3)  regions  for  which  a  is  greater  than  10.  Using 
the  absorption  coefficients  calculated  from  Hettner’s  experimental  results4 
and  the  spectral  curve  of  black-body  radiation,  it  is  found  that  at  290°-300°  A, 
the  fraction  of  the  energy  comprised  within  those  wave-lengths  for  which  the 
decimal  absorption  coefficient  is  less  than  1  (8*5— 10-5/x  and  3-5—  4  *3/x) 
is  about  0-14;  the  fraction  with  decimal  absorptionicoefficient  greater  than 
10  (5-1  —7  *9 g  and  >  1 5  ■  3,u)  is  0-54  and  the  remainder  is  0-32.  Expressed 
in  terms  of  the  full  black-body  radiation  at  temperature  T,  Si,  S2  and  S3  are 
respectively  equal  to  0-14,  0*32  and  0-54  when  the  temperature  is  295°  A. 

S™  =  cr T4(0 •  54  +  0 •  32)  —0-32 exp  (-fEw). 

If  we  have  to  give  a  single  mean  value  to  the  absorption  coefficient  between 
10-5  and  15-3/i,,  the  decimal  absorption  coefficient  a  will  be,  on  the  basis  of 
Hettner’s  values,  about  4. 

joT*  =  0-86  — 0-32 X  10'c,w 
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The  above  equation  holds  for  an  isothermal  atmosphere.  Actually,  how¬ 
ever,  the  temperature  decreases  with  height  and  the  constants  would  there¬ 
fore  require  some  modifications.  As  S3  refers  to  wave-lengths  for  which  the 
absorption  coefficients  are  large,  the  effective  radiating  part  of  the  atmos¬ 
phere  for  these  wave-lengths  will  be  very  near  the  place  of  observation  (except 
at  great  heights  where  w  will  be  very  small  or  when  the  atmosphere  is  very 
dry)  and  will  have  nearly  the  same  temperature  as  the  air  at  the  place  of 
observation.  Expressed  in  figures,  a  layer  of  the  atmosphere  containing 

I  mm.  of  precipitable  water  will  absorb  9/10  of  the  radiation  coming  from  a 
black-body  in  the  region  where  a  —  10.  When  the  aqueous  vapour  pressure 
is  e  millimetres,  this  amount  of  precipitable  water  can  be  contained  in  a 
layer  960/e  metres  thick.  With  the  ordinary  vapour  pressures  and  lapse-rates 
prevailing  in  the  atmosphere,  the  mean  temperature  of  this  layer  will  differ 
little  from  the  temperature  at  the  place  of  observation.  S3  will  therefore 
be  only  slightly  less  than  0-5-1. 

Eet  us  now  consider  the  variable  part  S2.  If  the  mean  absorption 
coefficient  for  this  region  be  taken  as  4,  the  exponential  in  the  equation 
for  radiation  is,  as  we  have  seen,  --  6ze>  where  w  is  the  amount  of  precipitable 
water  in  centimetres.  According  to  Hann,  the  amount  of  precipitation 
water  in  the  atmosphere  is  on  the  average  given  by  the  equation  w  —  0  -  21<? 
wdiere  e  is  the  aqueous  vapour  pressure  at  the  surface  in  mm.  of  mercury  and 
the  value  of  3  kwl 2  becomes  1  -  26e. 

This  value  is  far  too  high  compared  with  the  empirical  constant  (-07) 
determined  from  observations  of  atmospheric  radiation.  The  reason  for 
this  discrepancy  seems  to  be  that  Hettner’s  values  of  absorption  coefficient 
are  too  high  in  the  region  10-5— 15u.  Both  Fowle’s  measurements5  as 
well  as  the  recent  ones  made  by  Iv.  R.  Weber  and  H.  M.  Randall6 
show  this.  The  latter  authors  used  long  columns  of  water-vapour 
and  larger  resolution  than  Hettner.  The  values  of  a  calculated  from 
their  results  are  compared  to  those  obtained  from  Hettner’s  measure¬ 
ments  in  d  igs.  1  and  2.  Even  in  the  region  of  large  absorptivities,  there 
seem  to  be  gaps  of  smaller  absorption  as  for  example  between  21-5  and 
22-5  [x.  The  mean  absorptivities  from  Eowle’s  measurements  are:  -04  for 

II  — 12p,  -17  for  12  — 13/i,  *42  for  13  —  14 p  and  3-0  for  14  —  15p,.  If  we  use 
the  average  value  of  the  absorption  coefficient  between  10-5  and  15p,  obtained 
from  Weber  and  Randall’s  observations,  which  is  near  0-3,  the  multiplier 
in  the  exponent  in  Angstrom’s  equation  will  be  very  nearly  -09,  which  nearly 
agrees  with  the  value  obtained  from  observations  of  sky  radiation.  Decisive 
measurements  of  the  absorption  coefficient  of  water  in  different  regions  of 
the  infra-red  spectrum  are  very  much  to  be  desired. 
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Fit;.  3 .  H  =  Hettner ;  W  &  R  =  Weber  and  Randall. 

The  scale  for  Hettner’s  curve  is  given  on  the  right  hand  side  and 
that  for  Weber  and  Randall's  on  the  left. 

If  the  average  coefficient  of  absorption  in  the  regions  of  moderate  absorp¬ 
tion  be  as  low  as  0-3,  So  will  come  from  more  distant  and  cooler  layers.  The 
moisture  required  to  produce  a  depletion  of  energy  of  9/10  will  now  be  3  -3  cm. 
of  precipitable  water  and  to  contain  this  a  thickness  of  atmosphere  of 
33x960/<?  metres  of  air  wili  be  required.  If  the  average  value  of  e 
be  2  millimetres,  the  thickness  will  be  15840  metres.  It  is  thus  not 
permissible  to  regard  the  temperature  of  the  atmospheric  layer  responsible 
for  S2  as  that  near  the  place  of  observation.  The  effective  temperature  will 
be  lower,  the  greater  the  dryness  of  the  atmosphere.  The  "constant”  B  in 
Angstrom’s  formula  corresponding  to  S2  radiation  may  be  expected  to  be 
markedly  smaller  than  0-32  ;  A  also  will  be  smaller  than  0-86. 
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Nocturnal  Cooling  of  Air  Lavers  near  the  Ground. 

Prom  an  altogether  different  line  of  evidence,  the  conclusion  had  been 
reached  by  the  authors  that  air  itself  should  be  considered  as  exchanging  by 
radiation  appreciable  quantities  of  energy  with  distant  layers  of  the  atmos¬ 
phere.  On  calm,  clear  nights  in  winter,  the  lowest  temperature  is  observed 
to  occur,  not  in  immediate  contact  with  the  ground  but  at  a  distance  of  half 
to  one  foot  above  ground.*7 

The  following  table  gives  the  temperatures  at  different  heights  above 
ground  observed  at  the  Agricultural  Meteorological  Observatory,  Poona,  on 
a  calm,  clear  night  in  January  1933  (5th  to  6th). 


*  It  lias  been  verified  by  observations  at  distant  places  and  also  by  simultaneous 
observations  in  the  neighbourhood  of  the  Agricultural  Meteorological  Observatory  at 
Poona  that  this  effect  is  not  due  to  advection  and  is  also  not  peculiar  to  any  particular 
locality. 
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Table  I.  Temperature  (°C.) 


Time 

hrs. 

Ground 

surface) 

Air  just 
above 
ground 

1' 

3' 

1 

6" 

1' 

2' 

4' 

6' 

10' 

1700 

33-9 

29-0 

28-5 

28-5 

28-5 

28-3 

28-3 

28  -0 

28-0 

27-5 

1800 

29-7 

27-0 

27  0 

26-7 

26  *5 

26-5 

26-5 

26*3 

26*3 

26-3 

1900 

22-2 

20-0 

19-5 

19  0 

19  0 

19-0 

19-5 

20-2 

21-0 

21-0 

2000 

19-7 

17-5 

17-0 

16-5 

16-5 

17-0 

17-0 

17-5 

18-5 

19-5 

2200 

17-2 

15-2 

15-0 

14-5 

14-5 

l 

14-5 

15-0 

16-0 

16-5 

15-5 

2400 

15-0 

13-0 

12-7 

12-5 

12-2 

12-0 

12  *2 

13=0 

13-5 

14-7 

0600 

11-7 

10-0 

9-5 

I 

9-2 

9-0 

9-0 

10-0 

11-0 

11-5 

12-0 

Throughout  the  night,  there  is  a  shallow  layer  of  unstable  lapse-rate  close  to 
the  ground  and  it  is  only  above  this  that  the  well-known  night  inversion  exists. 

The  usual  explanation  for  the  formation  and  development  of  night  inver¬ 
sions  near  the  ground  is  that  when  the  sun’s  radiation  is  withdrawn,  the 
ground  cools  as  a  black-body  exposed  to  the  dark  radiation  of  the  atmosphere 
and  although  the  fall  of  temperature  due  to  this  is  partly  compensated  by 
the  flow  of  heat  from  inside  the  earth  to  the  surface,  the  net  effect  is  a  fall 
of  temperature.  The  fall  of  temperature  of  the  air  above  the  ground  is 
primarily  due  to  the  spreading  upward  of  the  ground  cooling  by  the  processes 
of  eddy  diffusion  and  radiation  exchange.  If  these  were  however  the  only 
causes  operative,  we  should  expect  that  the  lowest  temperature  should  occur 
at  the  surface  of  the  ground,  the  distribution  of  temperature  near  the  ground 
after  the  inversion  sets  in  being  somewhat  as  shown  by  A  B  C  in  Fig.  3. 
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The  actual  distribution  of  temperature  is  however  like  A'  B'  C'. 

The  difference  in  the  character  of  the  curves  can  be  explained  if,  besides 
the  cooling  which  spreads  upward  from  the  ground,  there  is  an  additional 
general  cooling  of  the  air  layers.  The  effect  of  such  an  addition  will  be  to 
change  the  curve  ABC  to  A  B"  Ct 

A  mechanism  for  such  general  cooling  is  provided  by  the  exchange  of 
radiation  of  the  air  layers  with  the  upper  atmosphere.  The  portions  of  the 
heat  spectrum  for  which  water  vapour  has  either  very  low  or  very  high  absorp¬ 
tion  will  be  ineffective  for  this  purpose — the  former  because  there  will  be  no 
radiation  from  the  air  layer  in  that  region  and  the  latter  because  the  radiation 
Joss  will  be  balanced  by  radiation  income  from  neighbouring  layers.  Only 
the  region  of  the  spectrum  which  we  have  designated  as  S2  will  be  effective. 

Let  the  temperature  of  the  air  near  the  ground  be  300°  A.  and  the 
moisture-content  5  X  10~6  gm./c.c.  corresponding  to  a  vapour  pressure 
of  5  mm.  The  decimal  absorption  coefficient  in  the  region  of  S2  absorption 
(10-5  — 15- 3/.t)  is  0*3  and  the  fraction  of  the  energy  of  black-body  radiation 
contained  in  this  region  about  0*32.  Assuming  that  the  effective  temperature 
of  the  distant  layer  contributing  to  radiation  in  the  region  11  —  16/x  is  270°A., 
the  rate  of  fall  of  temperature  due  to  this  cause  comes  out  to  be  0  •ll°C./hour. 
If  the  effective  temperature  of  the  radiating  layer  be  taken  as  2 50° A.,  the 
rate  of  cooling  will  be  increased  to  0  •  16°C./hcur.  The  minimum  temperature 
which  is  observed  at  0*5  to  1  *5  ft.  above  ground  is  presumably  therefore  due 
to  the  fact  that  the  air  cools  not  only  by  eddy  diffusion  and  radiation  exchange 
with  the  ground  but  also  b}r  radiation  exchange  with  the  upper  atmosphere. 
The  coolest  air  does  not  settle  down  to  the  ground  because  the  effects  of 
viscosity  and  heat  conduction  keep  the  thin  ground  layer  in  stable  equilibrium 
in  spite  of  higher  density  above.8 

The  processes  taking  place  in  the  neighbourhood  of  the  ground  on  radia¬ 
tion  nights  are,  as  we  have  seen,  complicated  by  a  number  of  factors.  For 
their  full  elucidation,  the  changes  taking  place  both  in  the  soil  and  at  higher 
levels  in  the  atmosphere  have  to  be  studied.  Such  a  study  has  been 
commenced. 

Our  thanks  are  due  to  Mr.  P.  K.  Raman,  Research  Scholar,  for  his  help 
in  the  computation  and  the  preparation  of  the  diagrams. 
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Effect  of  Near  Lightning  Discharges  on 
a  Magnetometer 

During  two  thunderstorms  at  the  beginning  of 
the  present  monsoon,  the  recorded  curves  of  the 
Copenhagen  declination  magnetograph  recently  in¬ 
stalled  at  Alibag  showed  some  characteristic  features 
which  on  examination  appear  to  be  due  to  the  effect 
of  the  magnetic  field  of  the  lightning  discharge 
currents  on  the  magnetometer.  The  magnetograms 
are  reproduced  in  Fig.  1.  The  variations  occurred 
between  2  hr.  and  4  hr.  and  between  18  hr.  and  22  hr. 
I.S.T.  The  storm  was  most  intense  in  the  second  of 
the  two  intervals  at  about  20  hr.  The  magnetometer 
needle  experienced  a  number  of  sudden  kicks,  and 
the  subsequent  oscillations  gradually  died  down  in 
2-3  minutes.  The  maximum  first  deflection  was 
about  D5  mm. 

It  is  easy  to  make  a  rough  estimate  of  the  deflection 
of  the  magnetometer  needle  that  may  be  expected 
due  to  the  magnetic  field  of  a  near  lightning  discharge. 
For  impulsive  discharges  the  total  duration  of  which 
is  small  compared  with  the  periods  of  the  magnet¬ 
ometer,  the  instrument  will  behave  as  a  ballistic  galvan¬ 
ometer,  the  relation  between  the  discharge  current,  its 


duration,  the  constants  of  the  suspended  needle  and  the 
field  in  which  it  is  suspended  being  given  by  the 
usual  formula  : 

HT  .  0  /  X\ 

ldt  =  q=-^  Sin  g  (^1  +  2> 

if  the  magnetic  field  due  to  the  current  is  perpendicular 
to  H.  In  the  present  instance,  T  was  3-95  sec.  and 
0-376 

H  was  g  gauss.  The  effective  magnetic  field 

was  smaller  in  the  ratio  1:4-9  because,  in  order  to 
increase  the  sensitiveness  of  the  magnetometer,  the 
north  pole  of  the  needle  had  been  made  to  face  south 
by  applying  torsion  to  the  suspending  quartz  fibre 


Fig.  1. 

Records  of  a  D.  La  Cour  declination  magneto - 
GRAPH  OBTAINED  ON  MaY  12,  1937,  AT  ALIBAG,  NEAR 
Bombay,  showing  the  effect  of  near  lightning 
DISCHARGES.  The  TIMES  ARE  IN  HOURS  (INDIAN 
Standard  Time). 

in  the  manner  recommended  by  Dr.  D.  La  Cour. 
Now  G,  the  field  at  the  needle  (supposed  short) 
due  to  unit  current  in  the  discharge  circuit  is  given  by 

l  sin  6 

^  =  r2  ’ 

where  l  is  the  length  of  the  discharge  current,  r  its 
distance  and  6  the  angle  between  r  and  the  discharge 
path.  The  direction  of  the  field  is  perpendicular  to 
the  plane  containing  l  and  the  centre  of  the  needle. 
Assuming  sin  0  =  1,  l  =  2  km.  and  r  =  2  km.,  then 
G  =  5  x  10-6.  A  probable  value  for  q  is  20  coulombs 
(see  C.  T.  R.  Wilson’s  article  on  Atmospheric  Elec¬ 
tricity  in  the  “Dictionary  of  Applied  Physics” ).  From 
these  data  the  deflection  of  the  needle  can  be  easily 
calculated.  It  comes  out  to  be  1/4820  radian  when  the 
lightning  discharge  is  most  favourably  oriented.  The 
corresponding  deflection  on  the  chart  when  the  distance 
of  the  photographic  paper  from  the  mirror  of  the 
magnetometer  is  165  cm.  is  2  x  165/4820  cm.  or 
0-7  mm.  The  observed  and  expected  deflections  are 
of  similar  magnitudes. 

Attempts  are  being  made  to  design  a  simple 
magnetometer  with  a  Helmholtz  compensating  coil 
for  the  purpose  of  measuring  the  discharges  of 
individual  lightning  flashes. 

K.  R.  Ramanathan. 

Colaba  Observatory, 

Bombay. 

Aug.  6. 


Nature,  140,  587,  1937. 
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A  Seismological  Study  of  the  Baluchistan  (Quetta) 
Earthquake  of  May  31,  1935.  By  K.  R.  Ramanathan, 
M.A.,  D.Sc.,  and  S.  M.  Mukherji,  M.Sc.,  Colaba 
Observatory ,  Bombay.  (With  plates  25  to  28.) 

INTRODUCTION. 

A  preliminary  account  of  the  earthquake  from  the  geological 
and  general  points  of  view  has  been  published  by  Mr.  W.  D.  West1 
in  the  Records  of  the  Geological  Survey  of  India.  From  the  field 
evidence,  Mr.  West  concluded  that  “  in  the  case  of  the  present  earth¬ 
quake  there  is  no  doubt  about  the  position  and  extent  of  the  epi¬ 
centre,  since  severe  damage  was  confined  to  a  long  narrow  tract, 
away  from  which  the  intensity  of  the  damage  rapidly  decreased. 
This  tract  extended  from  Baleli  just  north-west  of  Quetta  through 
Dingar  and  Mastung  to  Mand-i-Haji  and  included  the  Shirinab 
Valley  to  the  west  of  the  Mastung-Kalat  road.  It  is  an  area  about 
68  miles  long  and  16  miles  wide.  Within  this  area  there  were  clearly 
places  where  the  intensity  was  greater  than  elsewhere,  notably 
Dingar  and  Mastung  road  and  possibly  Mand-i-Haji.  Since  it  is 
well  known  that  earthquakes  are  more  severely  felt  on  alluvium 
than  on  solid  rock,  it  is  possible  that  the  length  of  the  epicentral 
area  as  compared  with  its  breadth  has  been  enhanced  to  some  ex¬ 
tent  by  the  fact  that  it  is  parallel  to  the  valleys  of  the  district.” 
The  surface  crack  extended  from  about  30°*3  N.,  66°-9  E.  to  29°T 
N.,  66°-5  E.,  the  centre  of  the  region  of  maximum  disturbance  being 
29°*7  N.  and  66n-7  E.  From  the  seismological  evidence,  the  best 
position  for  the  epicentre  appears  to  be  29°-6  N.,  66°*5  E.,  slightly 
to  the  south-west  of  the  above  position,  but  well  within  the  region 
of  maximum  intensity. 

The  materials  available  for  study. 

The  following  materials  were  available  for  the  seismological  study 
of  the  present  earthquake. 

1.  The  seismograms  (horizontal  components  only)  of  the  Indian 
observatories  :  Bombay,  Agra,  Calcutta,  Hyderabad  and 
Kodaikanal. 

1  W.  D.  West,  “  Preliminary  geological  report  of  the  Baluchistan  (Quetta)  Earth¬ 
quake  of  May  31st,  1935.”  Rec.  Geol.  Surv.  Ind.,  LXIX,  Pt.  2,  p.  203,  (1936). 


Rec.  Geol.  Survey  India.  73,  483-513,  1939. 
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2.  The  seismograms  of  15  foreign  observatories  :  Batavia,  Chiu- 

feng,  Medan,  Peichiko,  Tokyo,  Gottingen,  Ivigtut,  Pul¬ 
kovo,  Scoresby  Sound,  Vienna,  Adelaide,  Melbourne, 
Sydney,  Ottawa  and  Tacubaya.  These  seismograms  had 
been  obtained  from  the  Directors  of  the  respective  ob¬ 
servatories  by  Dr.  S.  C.  Boy  and  were  kindly  placed 
at  our  disposal  for  purposes  of  study. 

3.  The  data  of  travel-times  of  the  principal  phases  recorded 

at  142  observatories,  as  measured  at  the  observatories 
themselves  and  mostly  collected  at  Oxford  for  the 
purpose  of  the  International  Seismological  Summary. 
These  were  obtained  from  Miss  Bellamy  by  the  Director 
of  the  Geological  Survey  of  India  and  kindly  sent  to  us. 
Some  data  were  also  taken  from  observatory  bulletins. 


The  position  of  the  epicentre  and  the  time  of  origin  of  the 

earthquake. 

For  determining  the  epicentral  time  and  position  of  the  earth¬ 
quake,  only  the  arrival-times  of  the  P  phase  at  different  observa¬ 
tories  were  used,  as  this  phase  is  in  general  the  least  subject  to  un¬ 
certainty.  As  a  first  approximation,  the  centre  of  the  region  of 
greatest  disturbance  in  Mr.  West’s  map  of  isoseismals  was  assumed 
to  be  the  epicentre.  The  distances  of  the  different  observatories 
from  the  assumed  epicentre  were  calculated  from  the  geogra¬ 
phical  co-ordinates  and  using  Jeffreys’  and  Bullen’s  table  of  travel- 
times  (published  in  1934  in  the  International  Seismological  Summary 
for  the  year  1930),  the  times  of  arrival  of  P  at  the  different  places 
were  calculated  and  compared  with  the  observed  times  of  arrival. 
A  comparison  of  the  mean  residuals  (observed  minus  calculated 
times)  at  observatories  situated  in  different  azimuths  showed  in 
what  manner  the  hypothetical  epicentre  should  be  shifted  in  order 
to  get  a  better  fit  and  thus,  by  a  process  of  successive  approximation, 
the  best  position  of  the  epicentre  was  determined  and  the  corres¬ 
ponding  epicentral  time  t0  calculated.  The  distribution  of  stations 
in  different  directions  is  markedly  non-uniform,  the  directions  best 
represented  being  north-west  and  north-east.  Towards  the  south, 
the  number  of  stations  is  few,  and  even  among  them,  the  times 
of  first  onset  as  recorded  at  the  Indian  stations  were  abnormally 
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early.  Table  1  shows  the  residuals  P(O-C)  at  40  selected  stations 
and  also  the  mean  residuals  in  four  different  groups  of  these  stations, 
arranged  according  to  their  direction  from  the  focus.  The  assumed 
values  of  the  epicentre  for  which  figures  are  given  are  (\)  29°-7  N., 
66° *7  E.,  which  is  very  near  the  middle  of  the  inner  region  of  maxi¬ 
mum  disturbance  marked  in  his  map  by  Mr.  West  and  (ii)  29°*6  N., 
66°*5  E.,  the  epicentre  which  is  found  to  fit  the  observations  best. 
The  assumed  value  of  tG  or  epicentral  time  is  21h  32m  59s  G-.M.T. 
It  may  be  recalled  that  tQ  is  not  necessarily  the  actual  time  of  the 
earthquake ;  it  is  the  time  “  which  makes  t-tQ  at  short  distances 
proportional  to  the  distance  If  the  focus  is  at  the  surface,  the 
actual  time  of  occurrence  or  the  hypocentral  time  of  the  earthquake, 
according  to  Jeffreys,  is  about  5-8  secs,  earlier  than  tQ. 


Table  1. — Comparison  of  Epicentres. 

P^O-C)— Epc.  29°-7  N.,  66°-7  E.  5 

VP(O-C)  calculated  using  geographical  co-ordinates 

P2(0-C) — Epc.  29° -6  N.,  66°-5  E.  j  and  J.  B.  tables. 

p  i(O-C) — Epc.  29°-6  N.,  66°-5  E. — P(O-C)  calculated  with  observed  travel-times  corrected 
2  for  ellipticity  (Bullen’s  tables)  and  using  Jeffreys’  revised  tables  (1937)  of  travel- 
times. 


Station. 

Azi¬ 

muth. 

Ax 

PJO-C) 

Aa 

P2(0-C) 

P21(0-C) 

O 

O 

secs. 

O 

secs. 

secs. 

Tashkent 

6 

11-8 

1*3 

11-9 

0 

0-1 

Ekaterinburg 

352 

27-5 

0-3 

27-55 

—02 

—0-4 

Moscow 

ZZO 

33-2 

0-8 

33-2 

0-8 

0-4 

Helsingfors  . 

329 

41-2 

0 

41-2 

0 

10 

Bergen 

326 

50-5 

0-9 

50-5 

0-9 

0-7 

Scorsby  Sd.  . 

339 

61-8 

1-0 

61-8 

1-0 

1-3 

Ivigtut 

334 

75-1 

—2-9 

75-1 

—2-9 

—1*4 

Mean  of  7  stations. 

NNE 
to  NW 

+  0-2 

—0-1 

+0-2 

• 

E 
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Table  1.— Comparison  of  Epicentres—  contd. 


Station. 

Azi¬ 

muth. 

A: 

Pi(O-C) 

a2 

P.(O-C) 

PaHO-C) 

O 

O 

secs. 

o 

secs. 

secs. 

Pulkovo 

• 

313 

38-7 

—0-9 

38-7 

—0-9 

—0-2 

Budapest 

• 

310 

40-5 

—  21 

40-4 

—1-3 

—0-7 

Vienna 

312 

42-4 

—1-9 

42-3 

—1-1 

—0*4 

Prague 

313 

43-9 

—1-9 

43-8 

—1-1 

—0-7 

Jena  . 

314 

45-8 

—2-1 

45-7 

—1-3 

—0-8 

Gottingen 

314 

46-9 

—0-7 

46-8 

0 

04 

Stuttgart 

312 

47-2 

—2-1 

47-1 

—1-3 

—0-9 

Strasbourg  . 

311 

48-1 

—2-0 

48-0 

—1-2 

—  10 

Besaucon 

309 

49-3 

—11 

49-2 

—0-3 

-0-3 

De  Bilt 

315 

49-8 

0-1 

49-7 

0-8 

_  0-7 

Uccle  . 

313 

50-3 

—0-7 

50-2 

0-1 

0 

Paris  . 

311 

51-6 

—05 

51-5 

0-3 

* 

0-1 

Kew  . 

315 

53-2 

—0-4 

53-15 

0 

—0-3 

Mean  of  13  stations. 

NW 

—1-3 

—0-6 

—0-3 

Helwan 

278 

30-6 

—3-3 

30-4 

—1-5 

—2-4 

Athens 

285 

36-4 

—3-2 

36-2 

—1-5 

—1-9 

Sofia  . 

295 

36-95 

—0-5 

36-8 

1-3 

1-5 

Entebbe 

234 

44-05 

—4-1 

43-85 

—2-5 

—1-0 

Algiers 

296 

52-75 

—2-1 

52-6 

—11 

—1-5 

Almeria 

297 

57-0 

—11 

56-9 

—0-4 

—0-9 

Granada 

298 

57-8 

—0-9 

57-7 

0 

—0-5 

S.  Fernando 

298 

60-1 

—3-2 

59-9 

—1-8 

—20 

Cape  Town  . 

220 

78-3 

—2-7 

78-1 

—1-7 

2-2 

Mean  of  9  stations. 

NW 
to  SW 

—2-3 

—0-8 

—0-7 
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Table-  1. — Comparison  of  Epicentres — conoid. 


Station. 

Azi¬ 

muth. 

Ai 

Pt(O-C) 

a2 

P2(0-C) 

PJ(O-C) 

O 

O 

secs. 

o 

secs. 

secs. 

Calcutta 

106 

20-7 

—0-2 

20-85 

-1-7 

—1-7 

Phu  Lien 

96 

37-0 

—0-4 

37-2 

-2-1 

—2-0 

Peichico 

85 

44-3 

0-9 

44-5 

—0-7 

—0-4 

Manila 

95 

52-0 

1-6 

52-2 

0-1 

0 

Nagasaki 

70 

53-3 

1-9 

53-5 

0-4 

0 

Hukuoka 

69 

53-5 

0-4 

53-7 

—11 

—  1-5 

Tayooka 

65 

56-5 

1-5 

56-7 

0-1 

—0-4 

Nagaya 

65 

58-3 

2-6 

58-5 

1-2 

1-0 

Tokyo 

64 

60-35 

1-2 

60-55 

—  0-2 

—0-1 

Mizusawa 

59 

60-4 

0-2 

60-6 

—1-6 

—1-5 

Amboina 

109 

67-55 

0-2 

67-7 

—1-2 

1-2 

Mean  of  11  stations. 

NNE 
to  ESE 

0-9 

—0-5 

—0-5 

Mean  of  40  stations. 

—0-7 

—0-6 

—0-4 

The  arcual  distances  A  of  the  observatories  from  the  epicentres 
in  the  above  table  have  been  obtained  from  the  geographical  co¬ 
ordinates  and  the  calculated  times  of  travel  P^C)  and  P2(C)  taken 
from  Jeffrey s-Bullen  tables.  In  the  last  column,  the  differences 
Po^O-C)  have  been  calculated  correcting  the  observed  travel-times 
for  the  ellipticity  of  the  earth  so  as  to  give  results  as  for  the  standard 
sphere  (using  Bullen’s1  “  Tables  for  reduction  of  apparent  travel- 
times  of  P  and  S  seismic  waves  ”  and  Jeffreys’  revised  tables  of 
travel-times,  1937). 2  It  will  be  seen  that  if  we  adopt  as  epicentre 
29°-7  N.,  66°-7  E.,  there  is  a  considerable  difference  between  the 
mean  residuals  from  the  westerly  and  easterly  groups  of  observa¬ 
tories  and  that  this  difference  practically  vanishes  if  we  adopt 
29°*6  N.,  GG°-5  E.  No  appreciable  effect  is  produced  on  the  mean 

1  K.  E.  Bullen,  “  Tables  for  reduction  of  apparent  travel-times  of  P  and  S  seismic 
waves  ”  Neto  Zealand  J .  Sc.  and  Tech.,  Vol.  XIX,  No.  1,  pp.  47 — 54,  (1937). 

2 H.  Jeffreys,  “  Further  corrections  to  P,  §  and  SKS  Tables”  M.  N.R.A.  S., 
Geoph.  Suppl.  4,  No.  3,  p.  242,  (1937). 

E  2 
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residuals  by  correcting  for  ellipticity  although  there  are  signifi¬ 
cant  differences  in  individual  residuals.  From  the  magnitude  of 
the  residuals,  it  is  clear  that  a  correction  of— 0*5  sec.  is  necessary 
for  t0  .  The  corrected  value  of  tD  is  30d  21h  32m  58-5s  G.M.T. 

The  frequency  distributions  of  P  residuals  in  the  two  cases  are 
shown  in  figs.  1  and  2. 


Fig.  1.— P  residuals  :  (O-C)  with  t0  assumed  to  be  21h  32m  59s  and  using  J.  B.  tables. 


Fig.  2. — P  residuals  :  (O-C)  with  t0  assumed  to  be  21h  32m  59s  and  using  J.  B,  tables 

with  ellipticity  correction. 


813 


Part  4.]  Ramanathan  &  Mukherji  :  Seismotogicat  Study.  489 

Some  noteworthy  features  of  the  seismograms. 

The  seismograms  of  this  earthquake  obtained  at  the  Indian 
observatories  are  somewhat  complicated.  In  the  Agra  Milne-Shaw 
record  there  is  an  impulsive  beginning  of  a  phase  about  15s  after 
the  beginning  of  the  first  eP.  In  the  Bombay  seismograms,  the 
following  phases  are  recognisable  : — 


Table 

2. 

Phase. 

Time. 

m  s 

eP, 

A 

i  * 

•  • 

.  2  34 

•  • 

.  2  50 

iP3 

.  2  59 

i 

.  3  26 

i* 

.  3  46 

i 

.  4  04 

iSj 

.  5  04 

iSo 

.  5  20 

iS3 

.  5  28 

The  phase  i*  marks  the  beginning  of  a  series  of  long  period  oscilla¬ 
tions  superposed  on  the  much  more  rapid  oscillations  usually  charac¬ 
teristic  of  the  preliminary  phase  at  this  distance.  It  perhaps  corres¬ 
ponds  to  the  beginning  of  Pg,  though  one  would  hardly  have  ex¬ 
pected  to  see  direct  Pg  at  this  distance  (12°-1).  In  the  seismo¬ 
grams  of  Hyderabad  and  Kodaikanal,  one  notices  phases  16  sec. 
and  14  sec.  respectively  after  the  first  incidence  of  disturbance. 
All  these  suggest  that  the  shock  was  a  multiple  one,  the  first  impulse 
being  feeble  and  the  second  one  marked  iP2  in  Table  2,  being  the 
one  recorded  at  the  more  distant  stations.  In  this  connection, 
reference  may  be  made  to  the  following  observations  made  by 
Mr.  West  (loc.  cit.,  p.  212).  “  At  least  five  to  ten  seconds  before 
the  main  shock  started,  a  small  tremor  was  felt  which  was  suffi¬ 
ciently  strong  to  be  recognized  as  an  earthquake.”  This  was  at 
a  place  about  four  miles  north  of  Quetta.  At  Quetta  itself,  “  a 
sentry  on  duty  on  top  of  the  Ammunition  Depot  noticed  a  shake 
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which  he  considered  to  have  occurred  at  least  half  a  minute  before 
the  main  movement.”  It  must  be  mentioned,  however,  that  in 
Calcutta  seismograms,  there  is  no  evidence  of  an  earlier  weak 
disturbance. 

The  seismograms  of  the  Indian  stations  and  also  of  the  foreign 
observatories  showed  that  the  amplitudes  increased  gradually,  in¬ 
terrupted  by  larger  and  larger  impulses  and  that  the  surface  waves 
were  very  large  compared  with  the  preliminaries.  (Plates  25,  26,  27 
and  28). 

These  features,  according  to  Gutenberg  and  Richter1,  are  sugges¬ 
tive  “  of  extended  faulting  or  more  probably,  block  movement.” 
According  to  this  view,  the  earthquake  was  the  result  not  of  an 
instantaneous  process  but  took  comparatively  longer  time  during 
which  long-period  vibrations  were  set  up,  which  disturbed  the  usual 
short-period  waves. 


The  depth  of  focus  of  the  earthquake. 

The  depth  of  focus  of  an  earthquake  to  which  the  normal  in¬ 
ternational  tables  (Jeffreys-Bullen)  apply  is  not  known  with  exact¬ 
ness  but  a  recent  estimate  by  Jeffreys2  makes  it  about  10  km.  The 
destructive  nature  of  the  Quetta  earthquake  and  the  fact  that  the 
long-wave  phases  in  the  seismograms  were  exceptionally  well-deve¬ 
loped  show  that  the  depth  of  focus  of  this  earthquake  was  smaller 
than  normal.  Seismograms  at  near  observatories  (distance  less 
than  10°)  with  good  time-determinations  are  necessary  if  the  depth 
of  focus  of  a  shallow  earthquake  is  to  be  determined  with  any 
accuracy  ;  in  their  absence,  we  have  to  examine  whether  any  con¬ 
clusion  can  be  drawn  from  the  “  Z  phenomenon  ”  or  the  devia¬ 
tions  of  S-P  residuals  from  those  of  a  normal  earthquake.  If  the 
mean  value  of  the  residual  is  positive  (this  is  usually  not  very  differ¬ 
ent  at  different  distances),  the  presumption  is  that  the  earthquake 
was  shallower  than  normal.  Jeffreys  is  of  opinion  that  +3  seconds 
is  the  maximum  possible  value  of  Z,  which  would  occur  if  the  focus 

1  B.  Gutenberg  and  C.  F.  Richter  “  On  Seismic  Waves  ”  (First  Paper),  Oerl.  Beitr. 
zur  Geoph.,  Vol.  43,  p.  73,  (1934). 

2  H.  Jeffreys,  “  Further  corrections  to  P,  S  and  SKS  Tables”  M.  N.  B.  A.  S., 
Geoph.  Suppl.  4,  No.  3,  p.  242,  (1937). 
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were  at  the  surface.  In  a  few  earthquakes  such  as  the  Santa  Bar¬ 
bara  earthquake  of  1925  June  29,  and  the  African  Rift  Valley 
earthquake  of  1928  June  6,  larger  values  of  Z  (+8  and  +10  seconds 
respectively)  have  been  obtained  but  these  large  values  have  been 
explained  as  being  due  to  possible  late  reading  of  the  S  phase  in 
the  former  earthquake  and  to  the  possible  occurrence  of  two  succes¬ 
sive  shocks  within  a  few  seconds  of  each  other  in  the  latter.1  In 
the  present  earthquake,  the  mean  value  of  Z  comes  to  +5-9  seconds, 
if  we  exclude  those  values  of  S-P  which  deviated  more  than  +15 
secs,  from  the  mean.  The  number  of  observatories  at  which  the 
times  of  arrival  of  the  waves  fulfilled  this  condition  was  72.  Of 
these,  56  observatories  lay  within  the  range  of  distance  40°  to  60°. 
The  mean  residual  S-P  for  these  56  stations  alone  was  +6*1  secs. 
This  large  positive  value  of  Z  greatly  exceeds  the  maximum  of  3 
seconds  suggested  by  Jeffreys  for  a  surface  focus.  To  see  whether 
part  of  the  discrepancy  might  be  due  to  the  fact  that  no  correction 
was  made  to  the  travel-times  for  the  ellipticity  of  the  earth,  S-P 
residuals  were  calculated  after  applying  all  the  necessary  correc¬ 
tions  for  ellipticity  and  using  Jeffreys’  new  tables  of  travel-times 
of  P  and  S  for  a  continental  surface-focus2.  The  mean  S-P  residual 
was  now  changed  to  +3-2  seconds  considering  all  the  72  stations 
and  to  — (-3*7  seconds  considering  only  the  stations  lying  in  the  range 
40°  to  60°.  There  is  no  large  alteration  in  the  nature  of  the  dis¬ 
tribution  of  the  residuals  about  the  mean  (Figs.  3  and  4).  The  change 


1  E.  Tillotson,  “  The  African  Rift  Valley  Earthquake  of  1928  January  6”  M.  N. 
R.  A.  S.  Geoph.  Suppl.  4,  No.  1,  p.  92,  (1937). 

E.  Tillotson  “  Further  note  on  the  African  Rift  Valley  Earthquake  of  1928  January 
6,”  M.  N.  R.  A.  S.  Geoph.  Suppl.  4,  No.  4,  p.  315  (1938). 

2  H.  Jeffreys,  Loc.  cit . 
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Fig.  4. — “  S-P  ”  residuals  using  Jeffreys’  ‘  continental  surface  focus  table.’  tQ  assumed 
to  be  32m  59  s.  ••••••  •  All  stations  ;  X  X  X  X  stations  between  40°  and  60°. 


of  residual  from  +5-9  secs,  to  +3-2  secs,  points  to  a  position,  of 
the  focus  nearer  the  surface  than  that  of  a  normal  earthquake. 
There  still  remains  too  large  a  mean  residual  S-P  to  be  attributed 
to  accidental  error.  Figs.  3  and  4  show  that  there  are  two  pro¬ 
minent  peaks  in  the  curve  of  residuals  which  are  separated  from  each 
other  by  an  interval  of  about  6  secs.  It  is  probable  that  these  fea¬ 
tures  are  a  consequence  of  the  fact  that  the  shock  was  not  a  simple 
one  originating  within  a  small  area  at  a  definite  instant,  but  was 
the  result  of  a  comparatively  protracted  process. 


The  energy  of  the  earthquake. 

To  estimate  the  energy  of  an  earthquake,  various  methods 
have  been  used.  When  the  earthquake  is  shallow,  most  of  the 
energy  is  in  the  form  of  long  waves,  and  an  estimate  of  the  energy  * 
of  these  waves  will  therefore  give  a  lower  limit  for  the  energy  of 
the  earthquake.  We  use  the  following  simple  relation  which  has 
often  been  used  for  this  purpose. 

E=Mean  energy  per  unit  volume  x2tc  R  sin  AX  thick¬ 
ness  of  layer  in  which  the  long  waves  travel  x  length 
of  wave-train. 

A  3  -p  •  A  f  a2  HV  ,  * 

=4  7i3  p  R  sin  A  / - at.* 


*The  numerical  factor  8  is  often  used  instead  of  4  in  this  expression.  Since  the 
mean  energy  during  an  oscillation,  which  is  partly  kinetic  and  partly  potential  is  equal 

to  the  maximum  kinetic  energy,  its  value  per  unit  volume  is  a  •  This 

T  2 

...  l-  i  i  o  r»  •  a  •  ,  4  7r3pa2  R  sin  A 

multiplied  by  2  tz  K  sm  A  gives  only  - 
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where  E  is  the  energy  conveyed  by  the  long  waves, 

p  the  density  of  the  surface  layer  of  the  earth  (===3  gm/c.c.), 
the  angular  distance  of  the  observing  station  from 
the  source, 

H  the  thickness  of  the  layer, 
a  the  amplitude  of  the  waves, 

T  their  period, 


and  V  the  velocity  of  the  waves  (=  3*5  xlO5  cm/sec.).  There 
can  be  some  doubt  as  to  what  value  of  H  should  be  adopted.  If 

7-06A 


it  is  taken  as  the  depth  of  penetration  of  Rayleigh  waves,  II  =. 


2tc 


=M2A  according  to  Jeffreys,  provided  a  is  now  taken  to  be  the 
horizontal  displacement.  When  the  period  of  the  waves  is  10  to  12 
sec.,  this  depth  is  about  43  km.  For  a  similar  calculation,  Tillot- 
son1  used  for  H  the  thickness  of  the  granitic  layer  assuming  it  to 
be  13  km.  We  shall  adopt  a  value  of  15  km.  in  our  calculation. 

Putting  in  the  appropriate  numerical  values  for  the  Quetta 

earthquake  as  recorded  at  Bombay,  /\=1340  km.,  T=10  to  12  sec. 

and  H  the  assumed  thickness  of  the  granitic  layer=l-5x  106  cm. 

In  the  EW  seismogram  at  Bombay,  some  of  the  excursions  of  the 

spot  of  light  went  outside  the  paper  and  one  can  therefore  obtain 

/a2dt 
_ 

evaluated  from  the  EW  seismogram  comes  to  be  about  5x  10~3 
cm2/sec.  In  the  NS  component  record  also,  the  vibrations  have 
been  apparently  obstructed  on  one  side  and  we  can  only  say  that 
the  value  of  the  integral  should  have  been  greater  than  5  x  10  ~ 3 
cm2/sec.  According  to  Rayleigh’s  theory  of  surface-waves,  the 
amplitude  of  vertical  movement  should  be  about  1-5  times  that 
of  the  horizontal  in  the  direction  of  propagation.  Actually  the 
observed  proportion  is  often  different  from  this  and  in  the  absence 

/a2dt 

— 2  corres¬ 
ponding  to  the  vertical  component  has  been  assumed  to  be  about 

/a2dt 

-  from  all  the  three 

jC 


1  E.  Tillotson,  “  On  an  earthquake  near  Imotski,”  M.  N.  R.  A.  3.,  2,  8,  p.  426,  (1931). 
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components  is  therefore  greater  than  1*5  X 10 -  2  cm2/sec.  and  the 
computed  energy  of  the  long  waves  of  the  earthquake  greater  than 
3-2  xlO20  ergs.  In  a  similar  way,  computing  from  the  only  avail¬ 
able  (E-W)  component  at  Kodaikanal  in  South  India  and  multi¬ 
plying  by  3,  the  energy  of  the  long  waves  there  was  found  to  be 
1*5  xlO21  ergs. 

From  the  Gottingen  (A=46°*8)  records,  the  energy  of  the  long 
waves  in  the  different  components  was  computed  to  be  as  follows 


Component. 

Computed 
energy  in 
ergs. 

N-S 

• 

•  •  • 

.  MX.1020 

E-W 

« 

•  •  • 

.  1-4X1020 

Z 

• 

•  •  • 

Total  . 

.  0-9  XlO20 

.  3-4  XlO20 

No  doubt  there  are  considerable  differences  in  the  recorded  ampli¬ 
tudes  depending  on  the  crustal  structure  at  the  recording  station 
but  the  above  values  nevertheless  give  an  approximate  idea  of 
the  energy  of  the  earthquake  ;  it  is  clear  that  the  energy  must  have 
been  of  the  order  of  1021  ergs. 

(2)  An  attempt  has  been  recently  made  by  the  Pasadena  seis¬ 
mologists1  to  introduce  an  instrumental  magnitude  scale  for  earth¬ 
quakes.  The  scale  is  logarithmic  and  is  based  on  the  measured 
maximum  amplitudes  in  the  recorded  traces  of  the  shock  in  a  stand¬ 
ard  seismograph.  If  the  maximum  amplitudes  due  to  two  similar 
earthquakes  recorded  at  the  same  distance  are  in  the  ratio  10m : 
1,  the  magnitude  of  the  first  shock  is  said  to  exceed  that  of  the 
second  by  m.  When  the  seismographs  are  situated  at  different 
distances  and  are  of  different  makes,  even  then  the  traces  can 
be  made  use  of  to  give  an  idea  of  the  magnitude  of  the 
quake  if  the  ground  amplitude  can  be  deduced  from  the  trace.  The 
equation  connecting  the  maximum  ground  amplitude  and  the  magni¬ 
tude  is  (1)  M=log  a — log  A0 — 2-5  where  M  is  the  magnitude  of  the 
earthquake,  ‘  a  ’  is  the  maximum  recorded  ground  amplitude  and 
A0  is  a  constant  depending  on  the  distance  of  the  station  from  the 
earthquake  centre,  being  the  maximum  amplitude  in  millimetres 

1  B.  Gutenberg  and  C.  F.  Richter  “  On  Seismic  Waves  ”  (Third  Paper),  Oerl.  Beitr. 
zur  Geoj)b.,  Vol.  47,  p.  119,  (1936). 
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in  the  recorded  trace  of  a  standard  torsion  seismometer  by  a  shock 
of  magnitude  0.  Gutenberg  and  Richter  have  drawn  a  curve 
showing  the  relation  between  A0  and  A  and  we  extract  below  for 
convenience  a  small  table  showing  this  relation. 


Table  3. 


Distances 
in  degrees. 

A 

1 

log  A0 

— 31 

25 

— 40 

5 

—5-0 

10 

—5-8 

20 

—6-5 

45 

—7-0 

100 

-7-5 

150 

—8-0 

The  energy  of  the  earthquake  E  being  proportional  to  the  square 
of  the  amplitude  the  relation  between  energy  and  magnitude  is 
expressed  by  the  relation 

log  E — log  E0=2M 

where  E0  is  the  energy  of  an  earthquake  of  magnitude  0. 

The  following  table  gives  the  recorded  maximum  horizontal 
ground  movements  at  a  few  observatories  due  to  the  Quetta  earth¬ 
quake  and  the  corresponding  calculated  values  of  the  magnitude. 


Table  4. 


Maximum 

Station. 

A 

horizontal 

amplitude. 

M 

o 

Budapest 

40-4 

614 

7-2 

Zagreb 

42-3 

756 

7-4 

Hongkong  . 

45-2 

c.400 

71 

Barcelona 

52-5 

580 

7-5 

Kew  . 

53- 1 

>450 

>7-4 

S.  Fernando 

59-9 

250 

71 

Melbourne  . 

99-5 

157 

7-2 

7-3 
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Taking  7*3  to  be  tlie  magnitude  of  the  earthquake,  its  energy  E  is 
given  by 


log  E=sl4*6-flog  E0 

To  determine  E  absolutely,  we  require  to  know  E0  the  energy  of  a 
shock  of  magnitude  0.  This  was  first  estimated  by  Richter  to  be 
106  ergs,  but  was  later  modified  by  Gutenberg  and  Richter  to  107 
to  108  ergs.  Taking  E0  to  be  107  ergs,  E=4,0xl021  ergs, 

(3)  We  can  also  determine  the  approximate  energy  of  the  earth¬ 
quake  from  the  area  over  which  the  shock  was  felt.  Assuming  from  his 
Pasadena  experience  that  the  lower  limit  of  perceptibility  of  an 
earthquake  corresponds  to  an  acceleration  of  250  milligals  (0-25 
cm/sec2)  or  a  recorded  maximum  amplitude  of  5  mm.  in  the  seis¬ 
mogram  of  a  standard  torsion  seismometer,  Richter1  gives  the 
following  table  showing  the  relation  between  the  radius  of  the  felt 
area  and  the  magnitude  of  the  earthquake. 


Table  5. 

Mean  radius  of  felt  area  (km.)  .  150  250  360  530  770  1,060 

Magnitude  ....  5-0  6-5  6-0  6'5  7-0  7-5 

According  to  West,  the  area  over  which  the  Quetta  earthquake 
was  felt  was  approximately  105,000  sq.  miles  and  its  mean  radius 
is  therefore  295  km.  According  to  above  table,  the  magnitude 
would  only  be  5-7  which  is  obviously  too  low.  It  is  probable,  as 
West  has  pointed  out,  that  owing  to  the  fact  that  the  earthquake 
occurred  at  night  when  people  were  asleep  it  was  not  felt  over  as 
wide  an  area  as  it  would  have  been  during  daytime. 

Remembering  the  fact  that  the  energies  of  the  most  intense 
earthquakes  such  as  the  Assam  earthquake  of  1897  have  been  esti¬ 
mated  to  be  above  1025  ergs,  the  present  earthquake  had  less  than 

as  much  energy  as  the  most  intense  shocks  recorded  in  recent 

years. 

1  C.  F.  Richter,  “  An  Instrumental  Earthquake  Magnitude  Scale,”  Bull.  Seism. 
Soc.  Amer.,  Vol.  25,  No.  1,  p.  18,  (1935). 
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The  times  of  travel  of  the  different  phases  as  recorded  at  the 
various  observatories  are  given  in  a  collected  form  in  table  6. 
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Epicentre  :  29°-6  N.  66°-5  E. 

T0  :  1935  May  30— 21h  32m  585  s.  G.  M.  T. 


[Vol.  73. 

Table 


Station. 

A 

Comp. 

P 

P  (O-C) 

J.  B. 

P (O-C) 
J.  (1937) 

o 

m. 

s. 

S. 

s. 

Samarkand 

• 

9-9 

? 

Dehra  Dun 

• 

10-0 

N 

2 

51  ? 

30 

Agra 

• 

10-45 

E 

i  2 

12 

■> 

1-15 

—15 

E 

i  2 

27 

0 

0 

Andijan  . 

• 

11-5 

? 

Tashkent 

• 

11-9 

i  2 

47 

0 

0 

Bombay  . 

• 

12-1 

N,  E 

t  2 

34 

■< 

—16 

— 15 

N,  E 

t  2 

50 

►  0 

1 

i  2 

59 

a 

9 

9 

Hyderabad 

• 

16-3 

i  3 

29 

] 

-u 

-15 

i  3 

41 

-4 

-3 

i  3 

45 

j 

0 

1 

Baku 

• 

17-3 

i  4 

03 

5 

5 

Calcutta  . 

• 

20-85 

E 

i  4 

37 

—2 

--2 

Tifiis 

21-3 

i  4 

46 

2 

3 

Kodaikanal 

• 

21-9 

E 

i  4 

38 

1 

—12 

—11 

E 

i  4 

52 

J 

2 

3 

Ksara 

26-3 

i  5 

31 

—1 

-1 

Ekaterinburg  . 

27-55 

i  5 

43 

0 

0 

Yalta 

29-5 

6 

01 

0 

-1 

Simferpoi 

29-7 

6 

03 

1 

0 

Sebastopol  • 

30-0 

6 

05 

0 

—1 

Helwan  . 

• 

30-4 

6 

07 

—2 

—3 

Moskow  . 

33-2 

e  6 

34 

1 

0 

Bucarest 

35-0 

e  6 

54 

5 

4 

Athens  . 

36-2 

6 

58 

—1 

—2 

Sofia 

36-8 

e  7 

06 

2 

1 

Phu  Lien 

37-2 

e  7 

06 

—2 

—2 

Lemberg 

37-7 

E 

e  7 

25 

1 

13 

13 

N 

e  7 

28 

J 

16 

16 

Pulkovo  . 

38-7 

N,  E,  Z 

i  7 

22 

1 

2 

Belgrade 

39-1 

e  7 

24 

1 

0 

1  0 

7 

25 

J 

\  1 

J  1 

Comp. 


} 


N,  E 


} 


E 


E 

E 


i 


m.  s. 
e  4  21 

4  21 

i  4  02 

i  4  17 

e  3  24 


5  04  ? 
5  20  ? 

i  6  44 


8  09 
8  24 
i  8  43 


i  8  36 

10  10 
i  10  29 
11  10 
11  14 


11  17 
i  11  48 

12  00 
13  01 
12  39 


e  12  19 
e  13  34 
e  13  49 
e  13  22 


S  (O-C) 


s. 

10 

8 


k; 


—2 


r:i 


10 


—8 

7 

5 

14 

15 


13 

38 

6 

40 

0 


-35 


}“} 
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PI* 

PPP 

Pc  P 

SS 

S8S 

L 

M 

Other  phases  and  remarks. 

m. 

s. 

JJ.  s. 

m  s. 

m.  s. 

m.  s. 

m. 

m. 

Pn  or  P*  ?  ?  14  m  00  b. 

5-1 

5-9 

First  movement  towards 

E. 

Sn  or  P*  ?  ?  13  m  01  s. 

5-9 

6-3 

i  5m  42s  ;  first  movemmt 

towards  E  and  S. 

6  59 

8-4 

i  3m  53s  ;  ?  3m  49s, 

4 

53 

'I 

8  39 

8  49 

10-2 

11*0 

i  8m  32s  ;  first  movement 

l 

towards  E. 

5 

10 

J 

i  4 

57 

8  57 

10-5 

195 

i  9m  18s,  13m  19s ; 

(?)  11m  45s. 

5 

03 

9  16 

10-6 

11-9 

i  5m  10s  ;  8m  57s  (Pc  P  ?) 

7  13 

12  49 

22-0 

23-5 

22-0 

e  201 

I  25-7 

l 

e  20-9 

J  31-5 

J 

i  8 

51 

i  9  31 

18-5 

I  23-5 

20'0 

J 

i  19-3 

~)  21-6 

i  11m  42s,  14m  27s  ;  16m 

56s  (SSS  ?) ;  ?  28m  13s. 

1 

19-6 

J 
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Table 


Station. 

A 

Comp. 

P 

P 

(O-C) 
J.  B. 

P 

<o-0 

(1937 

Comp 

s 

S 

(O-C) 

PP. 

PPP 

Pc  P 

o 

m.  s. 

s. 

s. 

m.  s. 

s. 

m.  s 

m.  s 

m.  s. 

Medan 

• 

40-0. 

7  4 

9  17 

18 

14  0' 

1  27 

Budapest 

40-4 

7  3 

f  — 1 

— 1 

14  IS 

30 

Helsingfors 

• 

41-2 

i  7  4 

2  — 1 

1 

14  OS 

8 

Tarente  . 

• 

41-2 

7  2; 

3  —14 

—13 

14  36 

42 

Konigsberg 

• 

41-3 

e  7  4* 

*  5 

6 

14  08 

13 

9  11 

9  4] 

Chiufeng 

• 

41-5 

e7  4! 

4 

5 

1  e  13  56 

1~2 

1 

i  9  36 

i  14  12 

J  14 

J 

Vienna  . 

• 

42-3 

f  7  5C 

—1 

0 

14  14 

4 

9  24 

10  08 

«  9  34 

Zagreb  . 

• 

42-3 

e  7  50 

—1 

—1 

14  39 

29 

9  32 

Hongkong 

43-2 

7  53 

—5 

—5 

14  21 

—3 

9  30 

9  69 

Laibach  . 

43-3 

e8  01 

2 

2 

i  15  01 

36 

Prague  . 

43-8 

8  02 

—1 

—1 

e  15  05 

32 

Trieste  . 

43-85 

e,  i  8  02 

—1 

—1 

i  14  40 

6 

Entebbe  . 

43-85 

8  01 

—3 

—1 

14  33 

—1 

Peichico  . 

44-5 

N,  E, 

Z 

t  8  08 

0 

0 

N,  E, 

Z 

14  50 

7 

9  44 

9  56 

^10  20 

9  32 

Treviso  . 

44-95 

i  8  17 

5 

5 

i  15  01 

11 

Cheb 

45-1 

e8  19 

5 

6 

e  15  01 

1  10 

I 

e  15  31 

J  40 

I 

Padova  . 

45-2 

8  12 

—2 

—2 

14  50 

—3 

Florence  . 

45-6 

i  8  22 

5 

6 

15  01 

•3 

Prato 

45-7 

i  8  22 

4 

1 

14  53 

—7 

Jena 

45-7 

e  8  17 

—1 

—1 

15  01 

1 

Gottingen 

46-8 

E,  Z 

i  8  27 

'  0 

1 

1N- 

r 

i  15  17 

1 

1 

L0  25 

9  38 

m  8  34 

-  7 

-  7 

%  15  22 

-  6 

► 

e  8  36 

.  9 

0 

j 

e  15  24 

J  8 

Chur 

• 

46-8 

e  8  25 

—2 

—2 

15  33 

17 

Hamburg 

• 

47-0 

e  8  28 

—1 

0 

15  20 

1 

Tunis 

47-0 

i  8  25 

7 

7 

Stuttgart 

• 

47-1  | 

e8  28 

—1 

—1 

i  15  13 

—7 
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Table 


Station. 

A 

Comp. 

p 

P 

(O.-0) 
J.  B. 

P 

(°jC) 

(1937). 

Comp. 

S 

S 

(O-C) 

PP 

PPP 

Pc  P 

o 

m. 

s. 

s. 

8. 

m. 

8. 

8. 

m.  s. 

m. 

8. 

m.  s. 

Zurich  . 

47-45 

e  8 

31 

—1 

—1 

e  15 

44 

19 

Earlsruhe 

47-6 

i  8 

38 

5 

5 

e  15 

41 

14 

Strasbourg 

48-0 

8 

35 

—1 

—1 

i  15 

29 

—4 

Basel 

48-2 

e  8 

37 

—1 

—1 

Taihoku  . 

48'6 

8 

39 

—2 

—2 

15 

51 

10 

Newchatel 

48-6 

e  8 

37 

—4 

—4 

e  16 

02 

21 

Besanca  . 

49-2 

e  8 

45 

0 

0 

e  15 

31 

—19 

De  Bilt  . 

49-75 

8 

50 

1 

0 

16 

07 

10 

Jinsen 

49-9 

e  8 

42 

—9 

—9 

i  16 

04 

1 

Marseilles 

49-9 

8 

23 

—28 

—28 

16 

03 

3 

Uccle 

50-24 

8 

53 

1  0 

1  ° 

1 

16 

13 

9 

11 

08 

8 

54 

/  -* 

J  i 

J 

Bergen  . 

50-5 

i  8 

56 

1 

1 

16 

13 

5 

11 

45 

Lille 

51-1 

e  9 

04 

3 

4 

16 

50 

34 

Paris 

51-5 

i  9 

03 

0 

0 

E 

16 

14 

—7 

Tannanarive 

51-8 

e  8 

56 

—9 

—7 

16 

16 

—9 

Manila  . 

52-2 

B,  Z 

i  9 

08 

0 

0 

N,  E 

16 

50 

21 

Barcelona 

52-5 

9 

09 

—1 

—2 

16 

40 

5 

11  05 

Algiers  . 

52-6 

i  9 

10 

—1 

—1 

i  16 

41 

5 

Batavia  . 

52-7 

Z 

e  9 

19 

7 

8 

16 

48 

10 

Rew 

53-15 

z 

i  9 

15 

0 

0 

N,  E 

i  16 

52 

\  8 

Z 10  24 

17 

06 

J  22 

/ 

Nagasaki 

53-5 

9 

18 

0 

0 

Hukuoka 

53-7 

9 

18 

l-1 

1 

16 

56 

1  4 

1 

9 

20 

J  i 

J  0 

j 

17 

00 

J  8 

/ 

Oxford  . 

53-7 

9 

23 

4 

4 

17 

02 

10 

Durham  . 

53-8 

9 

27 

7 

7 

16 

57 

4 

Tortosa  . 

53-8 

i  9 

16 

—4 

—4 

17 

01 

8 
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FS 

SS 

S8S 

G 

L 

M 

Other  phases  and  remarks. 

m.  «. 

m  s. 

nl.  b. 

m.  s. 

m. 

m. 

26-3 

31-0 

22-0 

31-0 

19  26 

26-1 

Assumed  — 30s  as  time 
correction. 

220 

28-3 

31-9 

SS  (?)  19m  56s. 

21  01 

16  42 

25-0 

321 

i  12m  09s,  13m  22s,  17m 
03s. 

24-3 

35-0 

i  13m  19s. 

27-0 

16  62 

250 

82-0 

26-2 

30-7 

17  06 

23-1 

29-8 

22  01  ? 

33-0 

26- 7 

27- 0 

|  30-7 

i  ScS  18m  49s.  Begin¬ 

ning  uncertain  due  to 
microseisms. 

21  50 

26-0 

39-2 

i  9m  20s,  12m  21s,  17m 
14s,  17m  23s,  20m  50s, 
21m  36s,  24m  12s. 

Dilatation. 

30-6 

PPP  (?)  12m  37s  ?  21m  02s. 

26-7 

30-9 

1 

?  21m  02s 

33-9 

; 

17  26 

330 

?  23m  33s. 

F  2 


828 
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Table 


Station. 

A 

Comp. 

1 

P 

P 

(O-C) 
J.  B. 

P 

(O-C) 

J. 

(1937). 

Comp. 

S 

S 

(O-C) 

PP 

o 

m. 

8. 

8. 

8. 

m. 

8. 

8. 

m 

8. 

8  tony  hurst 

64-36 

9 

26 

2 

2 

17 

02 

2 

Edinburgh  . 

64-7 

i  9 

27 

1 

0 

*  17 

12 

7 

Liverpool 

64-7 

i  9 

31 

5 

4 

i  17 

11 

6 

Alicante  . 

55-0 

e  9 

31 

1  2 

2 

\ 

t  17 

29 

20 

11 

41 

<  9 

36 

J  7 

7 

J 

Bathfarnham  Castle 

66-65 

i  9 

43 

2 

2 

i  17 

41 

10 

Toyooka 

66-7 

Z 

9 

41 

0 

> 

0 

N 

17 

42 

10 

E 

9 

43 

(  2 

-  2 

•E 

17 

44 

-  12 

► 

N 

9 

46 

J  5 

«< 

6 

Z 

17 

46 

.  14 

Almeria  . 

66-9 

t  9 

42 

*  0 

—1 

i  17 

48 

13 

11 

57 

Suraoto  . 

57-1 

N 

9 

39 

1  —5 

N 

17 

44 

'  7 

■ 

E,  Z 

i  9 

44 

J  o 

r-i 

Jz 

17 

45 

-  8 

► 

E 

17 

46 

.  9 

J 

Kobe 

67-25 

Z 

e  9 

42 

V- 3 

1  —3 

] 

N, 

17 

41 

1  2 

y 

y 

rz 

N,  E 

e  9 

45 

J  0 

J 

1  0 

J 

E 

17 

42 

3 

17 

54 

-  15 

* 

18 

02 

23 

18 

03 

24 

Toledo  .  . 

67-4 

e  9 

42 

1~4 

— 4 

1 

17 

43 

2 

11 

58 

i  9 

46 

J  0 

—1 

J 

12 

10 

Granada  . 

57-7 

i  9 

48 

0 

—1 

i  17 

49 

3 

12 

21 

Malaga  . 

58-45 

9 

50 

—4 

—4 

18 

00 

\  4 

12 

14 

18 

17 

J  21 

J 

Nagaya  . 

58-5 

9 

55 

1 

1 

18  ' 

04 

8 

Sanfernando  . 

59-9 

Z 

i  10 

02 

l-2 

] 

—2 

E 

i  18 

36 

I2' 

1 

10 

04 

J  o 

i 

0 

J 

i  18 

37 

J  22 

Serrado  Pilar  . 

60-4 

10 

05 

—3 

—2 

18 

20 

—1 

Tokyo 

60-55 

N,  E 

e  10 

08 

0 

0 

N 

18 

27 

4 

Mizusawa 

60-6 

e  10 

07 

—2 

—2 

18 

38 

14 

Coimbra  , 

60-6 

e  9 

56 

—13 

—12 

18 

14 

—10 

Scorsby  Sund  . 

61-8 

Z 

i  10 

18 

1 

1 

18 

40 

\  14 

1 

12 

31 

»  18 

53 

/  27 

/ 

Amboina 

67*7 

10 

55 

—1 

1 

19 

46 

—7 

ppp 


m.  s. 


12  44 


13  07 


} 


i  13  24 


Pc  P 


m.  a 


10  36 


10  46 


10  68 
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PS 

SS 

sss 

G 

L 

M 

Other  phases  and  remarks. 

m.  b 

m.  s. 

21  13 

m.  a. 

m.  s. 

?  22  15 

?  22  25 

m. 

260 

28-6 

26-5 

m. 

360 

360 

31-1 

i  17m  17s  ;  So  S  19m  14s. 

18  13 

21  46 

?  22  47 

?  22  56 

?e22  41 

?  22  55 

e  26-6 

34- 8 

38-5 

66-3 

32-8 

37-8 

35- 7 

37- 5 

38- 0 

39- 5 

54-6 

} 

} 

+ 

* 

i  10m  14s,  18m  35s,  20m 
078,  22m  31s,  29m  09s. 

21  56 

24  20 

23  35 

?  25  02 

28-4 

28- 4 

29- 0 

28-0 

46-5 

35-2 

32-0 

?  11m  12s;  e  26m  22s; 
ScS  (?)  20m  05s. 

?  11m  22s. 

Pc  P  (?)  10  32;?  23m  06», 
Dilatation. 

19  13 

22  41 

25  14 

25  54 

28-0 

31-6 

i  29-6 

300 

310 

360 

33-5 

'  33-7 

-  34-8 

e  14m  55s.  Dilatation. 
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Table 


' 

Station. 

A 

p, 

a 

o 

a 

P  1 

J  (O-C) 

J.  B. 

( 

P 

O-C) 

J. 

1937.) 

ft 

a 

o 

o 

S  £ 

(O-C). 

PP 

PPP 

PKP‘ 

1 

PKKP  I 

o 

Ill.  s. 

s. 

B. 

in.  b. 

8. 

m.  b. 

m.  8. 

m.  6.  j 

III.  8. 

Ivigtut  • 

751 

z 

e  11  38 

—3 

—1 

21  23 

2 

Perth  . 

77-3 

21  36 

—10 

14  51 

Cape  Town  . 

78-1 

11  56 

—  2 

2 

21  34 

—21 

Sitka 

91-4 

e  13  07 

1  3 

4 

1 

i  24  12 

3 

e  16  15 

18  42 

e  13  26 

J  22 

23 

; 

Halifax 

93-0 

e  13  13 

2 

3 

24  12 

—12 

16  49 

Adelaide  . 

93-6 

Burlington 

97-3 

13  38 

\  7 

8 

\ 

25  31 

28 

18  11 

i 

13  40 

J  9 

10 

/ 

| 

Ottawa  . 

97-5 

e  13  39 

7 

8 

17  25 

19  31 

I 

Saskatoon 

98-05 

13  49 

15 

15 

I 

Oak  Bidge 

98-15 

i  13  39 

4 

5 

25  11 

1 

17  19 

Weston 

98-3 

Melbourne 

99-5 

25  11 

—12 

Ithaca  . 

100-3 

e  18  31 

1 

Toronto 

100-3E 

e  13  5( 

11 

Buffalo  . 

100-8 

e  13  4f 

i  1 

e  17  4 

9  ?  20  2 

L 

Victoria. 

101-5 

14  0 

9  18 

Philadelphia  . 

101-9 

14  0 

5  1  12 

\ 

25  3 

6  — 

7  17  4 

U 

14  1 

5  j  22 

/ 

18  0 

6  J 

Eiverview 

102-0 

?  25  2 

6  — 1 

8  18  1 

3 

i 

Sydney  . 

102-0 

18  1 

9 

Pennsylvania 

102-2 

5 

[14 

1 

831 
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i  SKS 

SKKS 

PS 

PPS 

SS 

sss 

G 

M 

Other  phases 
and  remarks. 

m.  8. 

ra.  s. 

m.  s. 

m.  s. 

m.  s. 

m.  s. 

m.  s. 

ra. 

m. 

N, 

22  1£ 

26  25 

29  54 

300 

E.Z  t35-9 

\  41‘“ 

Compression. 

Z  e  30-5 

; 

22  01 

26  01 

360 

50-3 

Assumed  clock 

correction  of 

300 

43-5 

+  4m. 

i  23  43 

e  30  45 

37  2^ 

e  45  3 

I 

c  45-5 

J 

45-0 

SS  (?)  29m  55s 

i  27m  098. 

i  23  38 

e  25  19 

?  34  09 

39-4 

45-3 

24  31 

32  01 

44-9 

1 

47-7 

/ 

i  24  33 

31  25 

?  39  25 

47-0 

e  42m.  13s. 

24  17 

32  01 

47-0 

24  37 

i  24  36 

531 

34m  01s. 

e  24  14 

30  21 

410 

440 

4  55-5 

1 

i  24m  39s,  27m 

y 

54s,  29m  35s, 

47-2 

>-  60-0 

1 

44m  38s,  45m 

47s. 

50-1 

¥ 

24  25 

\ 

6  27m  13s. 

24'  49 

I 

24  30 

27  04 

48-8 

i  26  43 

e  27  29 

e  22m  25s. 

i  24  58 

42  08 

60-6 

24  31 

\ 

27  07 

33  16 

\ 

48-0 

e  20m  48s. 

24  48 

/ 

33  17 

/ 

25  01 

?  44-4 

66-7 

49-6 

67-3 

i  29m  31s. 

1 24  50 

50-0 

63-3 

i  31m  31s,  33m 

1 

13s. 

832 


508  Records  of  the  Geological  Survey  of  India.  [  Vol.  73. 


Table 


Station. 

A 

Comp.  I 

P 

P  (O-C) 

J.  B. 

P 

(O-C) 

J. 

1937.) 

Comp.  I 

S 

S  (O-C). 

pp 

PPP 

PKP 

PKKP 

o 

m. 

8. 

8. 

8. 

m. 

8. 

8. 

m. 

8. 

m.  s. 

m.  s. 

m.  b. 

Seattle  . 

102-35 

[—5] 

18 

09 

Pittsburg 

103-4 

e  14 

29 

30 

[—12] 

e  18 

13 

20  26 

Georgetown  . 

103-55 

e  14 

00 

0 

[—6] 

e  18 

15 

20  51 

Bozeman 

104-7 

e  18 

23 

29  49 

Chicago 

104-7 

[—12] 

[—5] 

1  18 

24 

e  17  49 

?30  09 

[-37] 

/ 

Charlottes  Ville 

104-9 

[-7] 

1  e  18 

18 

[—5] 

) 

Florissant 

108-3 

Z 

e  14 

22 

—1 

N 

i  26 

22 

[-9] 

i  18 

52 

i  29  48 

St.  Louis 

108-4 

e  18 

46 

23 

N, 

i  26 

27 

[—7] 

e  29  46 

E 

Columbia 

109-4 

[15] 

e  19 

11 

Denver  . 

110-3 

[—19] 

e  21  30 

Ukiah  . 

110-7 

27 

17 

e  19 

21 

Berkeley 

112-0 

e,  i  14 

48 

8 

1 

i  27 

07 

| 

i  19 

04 

i  22  07 

i  14 

50 

10 

J 

27 

42 

l 

e,i  27 

44 

- 

Little  Hock  . 

112-6 

[6J 

E 

e  27 

06 

\  [—10] 

e  19 

14 

3  21  43 

J  N18  32 

l 

e  27 

09 

J  [—7] 

e  19 

15 

Je21  45 

/  el8  35 

J 

Tinemaha 

113-2 

[7] 

e  19 

31 

el8  35 

e  29  30 

Honolulu 

113-4 

27 

03 

3 

l 

20 

09 

J  22  15 

27 

14 

i 

e  20 

13 

J 

San  Juan 

113-8 

[-1-7] 

[17] 

e  20 

13 

18  36 

Pasadena 

116-1 

[13] 

Z 

e  27 

5C 

[ — 1] 

(19 

48 

e22  21 

Zel8  46 

1«29  29 

18  5C 

J 

Loyola  . 

116-4 

?el8 

07 

Tucson  . 

118-1 

e  20 

01 

Christ  Church 

121-0 

15 

27 

[8 

[0 

18  5( 

833 
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SKS 

SKKS  ' 

PS 

m. 

8. 

m. 

a. 

rn. 

8. 

24 

32 

t  24 

30 

27 

26 

24 

37 

27 

12 

?  25 

18 

24 

44 

24 

46 

I 

24 

42 

\ 

27 

37 

24 

44 

/ 

0  24 

57 

?£  25 

22 

c  27 

57 

0  24 

57 

?  25 

22 

0  27 

58 

25 

26 

0  28 

34 

0  24 

56 

0  28 

26 

N,  E 
N,  E 


e  25  1 

e  25  17 


e  25  46 


e  25  36 


25  53 


26  12 


} 


«26  07 
e26  24 


27  10 


PPS 


m.  s. 


28  14 


i  28  04 


e  28  56 


0  29  41 


0  29  30 


i  29  06 
29  04 


} 


028  54 


?e29  25 


29  26 

29  19 

30  11 


} 


e  30  18 


e  31  01 


88 


m.  s. 


33  30 
i  33  32 
0  33  23 
0  33  34 


33  22 
0  34  06 

0  34  08 


34  26 

35  06 


0  29 

52 

I  35 

OG 

0  30 

05 

J  35 

15 

0  35 

35 

35 

41 

sss 


m.  s. 


i  38  16 
0  38  16 


} 


0  39  01 


G 


m.  s. 
?  41  22 


?  42  31 


45  15 


?i48  37 


509 


L 

M 

Other  phases 
and  remarks. 

m. 

8. 

53-6 

e  43ro  09s. 

48-5 

?  34m  14s. 

48-5 

490 

► 

500 

0  26m  52s. 

?  46  0 

i  34  04,  41m 

57s;  0  17s. 

36s,  36m  27s. 

48-3 

i  51-3 

i  56-8 

Sc  8  Sc  S  38m 
18s ;  0  41m 
06s  ;  ?  44m 
26s. 

0  51-4 

56-8 

50-9 

0  23m  14s,  31m 
43s,  35  m  31s, 
35m  44s. 

?  44  0 

58-8 

0  PSPS  35m 
09s ;  0  26m 
15s,  38m  40s  ; 
i  30m  05s. 

5 

0  22m  21s,  23m 
27s. 

Assumed — 4  m 

30s  as  time 
correction. 

53-0 

1  62-0 

\ 

0  53-1 

J  0  62-2 

i 

?  49-7 

49-9 

} 

PSPS  (?)  36m 
05s ;  i  37m 
41s,  37m  53s. 

?  49-0 

51-2 

49-9 

} 

0  PSPS  36m 
16s ;  i  43m 
21s ;  e  20m 
19s,  37m  01s. 
Assume  d 
+  lm  as  time 
correction. 
i  19m  34s. 

57 

591 

61-9 

0  28m  37s,  37m 
58s. 

?  41m  28s. 

65-8 

Assumed — 5m 
45s  as  time 
correction. 
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Table 


Station. 

A 

fi 

a 

a 

p 

P(O-C) 
J.  B. 

P. 

(0jC) 

(1937.) 

1 

Q 

S 

S  (0-0). 

PP 

PPP 

PKP 

PKKP 

o 

m.  a 

a 

8. 

m.  b. 

1  8. 

m.  s. 

m.  s. 

m.  s. 

m.  s. 

New  Plymouth 

121-0 

[13] 

19  01 

Arapuni 

12195 

Wellington 

122  05 

Apia 

124-2 

La  Plata 

133-3 

[15] 

22  02 

19  27 

Sucre 

135-1 

[23] 

[ — -32] 

19  38 

La  Paz  . 

136-55 

[5] 

[““13] 

i  22  42 

25  27 

19  22 

Huancayo 

140-5 

[31] 

19  53 

835 
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SKS 

SKKS 
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e  38m  01s, 

39m  55s. 

The  Aftershocks  of  the  Quetta  Earthquake. 

Within  three  days  after  the  main  shock,  nearly  twenty  shocks 
were  felt  in  the  vicinity  of  Quetta.  Of  these,  the  one  which  occurred 
on  June  2nd  at  9h.  16m.  33s.  G.M.T.  was  the  most  severe. 
In  table  7  are  given  the  times  of  arrival  of  the  P  and  S  waves  from 
this  shock  at  different  observatories.  The  differences  between  the 
observed  and  calculated  times  of  travel  are  also  tabulated  assuming 
the  epicentre  of  the  earthquake  to  have  been  the  same  as  that  of 
the  Quetta  earthquake  and  using  Jeffreys-Bullen  normal  tables. 


Table  7.- 
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Except  for  the  large  discrepancies  between  the  observed  and 
calculated  values  at  Batavia  and  Amboina,  the  differences  at  the 
other  stations  are  not  sufficiently  systematic  to  justify  any  change 
in  the  position  of  the  epicentre. 

In  table  8  are  given  the  phases  of  the  main  shock  and  aftershocks 
identifiable  in  the  seismograms  of  the  Agra  Observatory. 


Table  8. — Phases  of  aftershocks  from  Agra  seismograms. 


Bute. 

Times  of  phases  in  G.M.T. 
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i-P 

S-P 
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i-P 
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m. 
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f  i  * 

17 
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1 
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32 

36 

0  57 

1 

48 
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*4 

18 
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1 

52 
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>> 

e  9 

18 

50 

O 

00 

1 

48 

2  56 

3  10 

The  S-P  interval  corresponding  to  10°*45,  the  distance  between 
Agra  and  the  epicentre  of  the  Quetta  Earthquake  is,  according  to 
Jeffreys-Bullen  normal  table  lm  57s  and  according  to  Jeffreys’ 
continental  surface  focus  tables  2m  02s.  *  In  all  the  shocks  listed 
in  table  8,  the  measured  intervals  are  smaller,  the  mean  value  being 
only  lm  50s.  In  at  least  four  of  the  shocks  recorded,  however, 
there  is  a  second  S  phase  8s  to  12s  after  the  first.  If  the  second 
S  is  taken  as  the  normal  S,  the  first  one  would  perhaps  correspond 
to  the  “  curtsey  ”  often  observed  a  few  seconds  before  the  normal 
S  ;  but  it  should  be  mentioned  that  the  first  S  in  most  of  the  cases 
now  considered  was  very  clear  and  began  with  an  impetus. 

Other  fairly  clear  phases  are  observed  at  0m  59s,  2m  20s,  2m 
55s  and  3m  08s  after  P.  The  third  of  these  probably  corresponds 
to  Sg  the  transverse  wave  whose  path  lies  wholly  above  the  lower 

*  According  to  Macelwane’s  tables,  the  corresponding  interval  is  2m  09s  and  accord* 
ing  to  Gutenberg  and  Richter  2m  02s. 
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boundary  of  the  granitic  layer  and  the  last  to  L  the  long  waye. 
In  the  seismograms  of  the  aftershocks  recorded  at  Bombay,  the 
times  of  incidence  of  the  phases  are  difficult  to  determine  with  any 
precision,  both  P  and  S  being  generally  emergent.  Except  that 
all  the  shocks  occurred  at  nearly  the  same  distance,  no  detailed 
information  about  travel-times  can  be  obtained  with  their  aid. 


SUMMARY. 

A  Seismological  study  of  the  Baluchistan  (Quetta)  earthquake 

of  May  31,  1935. 

The  times  of  arrival  of  the  P  waves  from  the  Quetta  Earthquake 
at  different  observatories  throughout  the  world  have  been  analysed 
and  the  position  of  the  epicentre  has  been  determined  to  be  290,6 
N.,  66°*5  E,  and  the  epicentral  time  to  be  30cl  21h  32m  688*5  G.M.T. 
Among  the  prominent  features  of  the  seismograms  were  the  gradual 
increase  of  amplitude  interrupted  by  larger  and  larger  impulses 
and  the  large  amplitudes  of  the  long  waves  compared  with  those 
of  the  preliminary,  suggesting  block  movement  and  a  shallow  depth 
of  focus.  An  analysis  of  the  S-P  residuals  using  Jeffreys  and  Bul- 
len’s  normal  tables  showed  that  its  mean  value  was  about  -j-3  sec. 
suggesting  a  depth  of  focus  definitely  less  than  the  normal  depth 
(10km.)  and  possibly  also  a  complex  process  at  origin.  The  energy  of 
the  earthquake  is  estimated  to  be  about  1021  ergs.  The  phases  of  the 
aftershocks  as  noted  in  the  Agra  seismograms  have  also  been  tabu¬ 
lated. 

SEISMOGRAMS  CF  THE  BALUCHISTAN  (QUETTA)  EARTH= 

QUAKE  OF  MAY  31,  I93S. 

Plate  25,  Fig.  1. — Bombay  (Milne-Shaw),  N.-S.  Component. 

Fig.  2  „  E.-W.  Component. 

Plate  26. — Agra  (Omori),  N.-S.  Component. 

Plate  27. — Calcutta  (Omori). 

Plate  28. — Kew,  N.-S.,  E.-W.  and  Z  Components. 
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President K.  R.  Ramanathan,  M.A.,  D.Se.,  F.N.I. 

Preside)}  tial  Address 

THE  EARTH’S  MAGNETISM  AND  THE  UPPER 

ATMOSPHERE. 

Intbobuotion. 

I  have  chosen  as  the  subject  of  my  address,  6 The  Earth’s 
Magnetism  and  the  Upper  Atmosphere  \  In  the  seventh  session 
of  the  Indian  Science  Congress  which  was  held  at  Nagpur  in 
1020,  Dr.  N.  A.  E.  Moos  presided  over  the  section  of  Mathe¬ 
matics  and  Physics  and  spoke  on  ‘Seismology  and  Earth’s 
Magnetism’.  Dr.  Moos  was  the  head  of  the  Colaba  and  Alibag 
observatories  for  twenty-five  years  and  his  two  volumes  on 
‘Colaba  Magnetic  Data  and  their  Discussion’  contain  many 
scholarly  studies  of  an  original  character  and  still  remain  a  vast 
storehouse  of  information  for  magnetic  data,  Dr.  Moos  is  no 
more  with  us,  but  his  work  lives  and  inspires. 

In  recent  years,  considerable  progress  has  been  made  in  our 
knowledge  of  the  upper  atmosphere— from  sounding  balloons, 
investigation  of  the  heights  of  appearance  and  disappearance  of 
meteors,  reflection  of  sound  waves,  atmospheric  ozone,  light 
from  the  night  sky  and  auror®,  regular  and  irregular  variations 
of  the  earth’s  magnetic  field  and,  most  fruitful  of  all,  the  experi¬ 
mental  study  of  the  ionosphere.  It  was,  however,  the  study  of 
the  earth’s  magnetism  that  made  the  first  definite  contribution 
to  our  knowledge  regarding  the  electrical  properties  of  the  earth’s 
atmosphere.  It  still  provides  a  healthy  check  on  theories  re¬ 
garding  the  upper  atmosphere  and  continues  to  be  suggestive 
of  fresh  problems. for  experimental  and  theoretical  investigation. 
On  the  other  hand,  knowledge  derived  from  other  sources  is 
helping  to  unravel  some  of  the  complicated  phenomena  of  the 
earth's  magnetism.  My  task  will  be  to  make  a  survey  of  some 
of  the  problems,  mainly  of  the  earth's  atmosphere  which  a  study 
of  its  magnetic  field  has  opened  up  or  illuminated. 

The  Earth's  •permanent  magnetic  field  and  its  harmonic  analysis. 

Exactly  a  century  has  elapsed  since  the  foundations  of  a 
scientific  study  of  the  origin  of  the  earth’s  magnetism  were  laid 

(  19  ) 
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by  C.  F.  Gauss  in  his  famous  ‘Allgemeine  Theorie  des  Erdmag- 
netismus’.1  Let  us  recall  what  he  had  to  say  about  the  aims 
which  have  to  be  kept  in  view  in  the  study  of  the  earth’s  mag¬ 
netism  : 

‘Viewed  from  the  higher  grounds  of  science,  even  a  com¬ 
plete  knowledge  of  the  phenomena  after  this  manner  (repre¬ 
sentation  of  the  geomagnetic  field  by  accurate  and  detailed 
maps)  is  not  itself  the  final  object  sought.  It  is  rather  ana¬ 
logous  to  what  the  astronomer  has  accomplished,  when  for 
example,  he  has  observed  the  apparent  path  of  a  comet  in 
the  heavens.  Until  the  complicated  phenomena  have  been 
brought  in  subjection  to  a  common  principle,  we  have  only 
building-stones,  not  an  edifice.  The  astronomer,  after  the 
comet  has  disappeared  from  his  view,  begins  his  chief  employ¬ 
ment,  and  resting  on  the  laws  of  gravitation,  calculates  from 
the  observations  the  elements  of  its  true  path,  and  is  thus 
enabled  to  predict  its  future  course.  And  in  like  manner, 
the  magnetician  proposes  to  himself  as  the  object  of  his 
research,  as  far  as  the  different  and  in  some  respects  less 
favourable  circumstances  permit,  the  study  of  the  fundamental 
causes  which  produce  the  phenomena,  their  magnitude  and 
their  mode  of  operation — and  the  anticipation  with  some 
approximation  at  least,  of  their  effects  in  those  regions  where 
observation  has  not  yet  penetrated.  It  is  at  least  well  to  keep 
in  mind  this  higher  object,  and  to  endeavour  to  prepare  the 
way  for  it,  even  though  the  great  imperfection  of  the  data 
may  render  its  attainment  impossible  at  present.’ 

Gauss  in  his  great  memoir  applied  the  theory  of  potential 
to  the  earth’s  magnetic  field  and  developed  the  method  of  spheri¬ 
cal  harmonic  analysis  to  analyze  the  permanent  field  of  the 
earth. 

What  we  observe  experimentally  is  the  distribution  of  the 
intensity  of  the  magnetic  field  on  the  surface  of  the  earth  and 
changes  in  its  distribution  with  time.  From  these  results  of 
observation,  the  origin  of  earth’s  magnetism  and  its  changes  has 
to  be  deduced.  Gauss  worked  out  a  method  by  which  definite 
information  can  be  obtained  regarding  the  location  of  the 
sources.  This  depends  on  the  analysis  of  the  auxiliary  quantity 
— namely,  the  potential — from  which  the  several  components  of 
the  intensity  of  the  earth’s  field  can  be  derived,  not  only  at  the 
surface  of  the  earth,  but  also  at  different  positions  above  and 
below  the  surface.  The  distribution  of  potential  on  the  surface 
of  the  earth  can  be  determined  from  observations  of  horizontal 
force  alone.  A  knowledge  of  the  vertical  force  is  not  necessary 
for  this.  Gauss  showed  how  the  potential  can  be  expanded  in  a 
double  series  of  spherical  harmonics.  One  of  these  series  is 
due  to  causes  within  the  earth  and  the  other  to  causes  outside. 
The  potential  due  to  internal  sources  has  terms  proportional  to 
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a2/r2,  a3/r3,  ad/r4,  etc.  while  that  due  to  external  ones  has  terms 
proportional  to  r/a,  r2/a 2,  r3/a3,  etc.  By  making  use  of  the 
additional  knowledge  of  the  distribution  of  the  vertical  force,  it 
is  possible  to  separate  the  internal  from  the  external  parts  of  the 
potential. 

Assuming  that  the  magnetic  matter  was  situated  within 
the  body  of  the  earth,  and  using  the  data  of  magnetic  field  at  a 
few  places,  Gauss  calculated  the  distribution  of  permanent  field 
over  the  surface  of  the  earth  and  obtained  a  fair  agreement  be¬ 
tween  the  calculated  and  observed  distributions.  Discussing 
the  assumptions,  Gauss  remarks:  ‘Another  part  of  our  theory 
on  which  there  may  exist  a  doubt  is  the  supposition  that  the 
agents  of  the  terrestrial  magnetic  force  are  situated  exclusively 
in  the  interior  of  the  earth.  If  we  seek  for  their  immediate 
causes,  partly  or  wholly,  without  the  earth,  and  confine  ourselves 
to  known  scientific  grounds,  we  can  only  think  of  galvanic  cur¬ 
rents.  But  the  atmosphere  is  no  conductor  of  such  currents, 
neither  is  vacant  space;  thus  in  seeking  in  the  upper  regions  for 
a  vehicle  of  galvanic  currents  we  go  beyond  our  knowledge.  But 
our  ignorance  gives  us  no  right  absolutely  to  deny  the  possibility 
of  such  currents;  we  are  forbidden  to  do  so  by  the  enigmatical 
phenomenon  of  the  Aurora  Borealis,  in  which  there  is  every 
appearance  that  electricity  in  motion  performs  a  principal  part. 
It  will  therefore  still  be  interesting  to  examine  what  form  mag¬ 
netic  action  arising  from  such  currents  would  assume  on  the 
surface  of  the  earth.’  While  showing  that  the  cause  of  the 
permanent  field  of  the  earth  should  be  definitely  located  within 
the  earth,  Gauss  did  not  overlook  the  possibility  ‘of  a  part, 
though  comparatively  very  small  part,  of  the  terrestrial 
magnetic  force,  proceeding  from  the  upper  regions’. 

He  also  pointed  out  that  the  variations  of  magnetic  force 
taking  place  simultaneously  at  different  places  on  the  earth’s 
surface  can  be  subjected  to  a  perfectly  similar  treatment. 

Before  we  pass  on  to  a  consideration  of  the  changing  part 
of  the  earth’s  field,  it  is  useful  to  summarize  some  of  the  salient 
features  of  the  ‘permanent’  or  quasi-permanent  magnetic  field 
of  the  earth  as  they  are  known  at  present.  This  consists  of  a 
homogeneous  or  ‘regular’  part  and  an  ‘irregular’  part,  the 
former  being  due  to  terms  of  the  first  order  in  the  series  develop¬ 
ment  for  the  potential.  The  regular  field  is  the  same  as  that 
due  to  a  uniformly  magnetized  sphere  of  the  same  size  as  the 
earth,  the  intensity  of  magnetization  being  '074  (about  1/5500 
of  the  remanent  magnetism  of  cobalt  steel)  and  the  total  magnetic 
moment  8'4xl025  C.G.S.  units.  The  axis  of  magnetization 
cuts  the  earth’s  surface  at  78i°N.,  69°W.  and  78|°S.,  249°W.  and 
is  thus  inclined  1 1  h°  to  the  earth’s  axis  of  rotation.  The  analysis 
of  the  irregular  or  ‘residual’  part  of  the  field  shows  that  the 
average  equivalent  intensity  of  magnetization  is  greater  for  those 
latitudes  in  which  land  predominates. 
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The  earth’s  total  field  is  made  up  of  a  part  due  to  an  internal 
potential  system  which  accounts  for  94  per  cent,  and  an  external 
and  a  non-potential  system  which  accounts  for  the  remainder. 

From  the  analysis  of  the  earth’s  field  carried  out  at  different 
epochs  from  1842  to  1922,  it  is  known  that  the  magnetic  moment 
of  the  earth  has  decreased  from  0*328 /«3  in  1842  to  0*324 /a3 
in  1885  and  0*31 1/u3  in  1922,  the  average  annual  rate  of  decrease 
in  the  intensity  of  magnetization  during  80  years  being  of 

its  value.  Therefore,  in  addition  to  the  well-known  secular 
change  in  the  direction  of  the  earth’s  magnetic  axis,  a  slow 
demagnetization  of  the  earth  is  also  going  on.  Whether  this 
will  continue  or  reverse  its  direction  after  some  time  is  more 
than  we  can  say  at  present.  Regarding  secular  variation,  Max¬ 
well  says  :  ‘What  cause,  whether  exterior  to  the  earth  or  in  its 
inner  depths,  produces  such  enormous  changes  in  the  earth’s 
magnetism,  that  its  magnetic  poles  move  slowly  from  one  part 
of  the  globe  to  another  ?  When  we  consider  that  the  intensity 
of  the  magnetization  of  the  great  globe  of  the  earth  is  quite 
comparable  with  that  which  we  produce  with  much  difficulty 
in  our  steel  magnets,  these  immense  changes  in  so  large  a  body 
force  us  to  conclude  that  we  are  not  yet  acquainted  with  one  of 
the  most  powerful  agents  in  nature,  the  scene  of  whose  activity 
lies  in  those  inner  depths  of  the  earth,  to  the  knowledge  of  which 
we  have  so  few  means  of  access.’  Although  seismology  has  given 
us  new  insight  into  the  internal  structure  of  the  earth  and  the 
study  of  magnetic  daily  variations  and  variations  associated  with 
magnetic  storms  has  definitely  added  to  our  knowledge  of  the 
conductivity  of  the  earth’s  interior,  the  position  as  regards  the 
fundamental  problem  of  the  origin  of  the  earth’s  permanent 
magnetic  field  has  not  appreciably  advanced  since  Maxwell  wrote. 

Besides  the  slow  secular  variation  there  are  many  other 
variations,  some  regular  and  others  irregular,  to  which  the 
earth’s  magnetic  field  is  subject.  The  principal  regular  varia¬ 
tions  are  the  solar  and  lunar  diurnal  variations  and  their  changes 
with  season  and  solar  activity,  the  annual  variation  and  the 
eleven-year  variation.  The  irregular  variations  or  disturbances 
are  of  many  classes,  the  most  conspicuous  of  them  being  the 
world-wide  ‘magnetic  storms’.  The  disturbances  also  have 
quasi-periodicities  depending  on  (1)  the  rotation  of  the  sun,  (2) 
the  inclination  of  the  earth’s  magnetic  axis  to  its  axis  of  rotation, 
and  (3)  the  sunspot  cycle.  The  study  of  the  geomagnetic 
variations  and  of  associated  phenomena  such  as  the  aurorae  has 
given  valuable  knowledge  about  the  electrical  properties  of  the 
earth’s  atmosphere. 

The  Solar  diurnal  variations  of  the  earth's  magnetic  field 

and  their  analysis. 

The  solar  diurnal  variation  is  the  most  obvious  and  the 
most  important  of  the  periodic  variations  of  the  earth’s  magnetic 
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field.  At  places  on  the  same  latitude,  the  variation  depends 
mainly  on  the  local  time  (owing  to  the  non-coincidence  of  the 
magnetic  and  rotational  axes  of  the  earth  and  local  variations 
of  the  earth’s  magnetic  field,  there  are,  however,  small  differences 
in  the  diurnal  variation  from  place  to  place  in  the  same  latitude). 
On  magnetically  quiet  days,  the  daily  variation  is  much  greater 
when  the  sun  is  above  the  horizon  than  when  it  is  below;  it  is 
greater  in  summer  than  in  winter  and  increases  with  increase 
of  sunspot  frequency.  The  variation  shows  large  changes  as 
we  go  from  the  equator  to  the  pole. 

How  the  sun  causes  the  daily  variations  in  the  magnetism 
of  the  earth  was  discussed  by  Balfour  Stewart  2  in  a  famous 
article  in  the  ninth  edition  of  the  Encyclopaedia  Britannica. 
He  surmised  that  the  upper  regions  of  the  atmosphere  were  most 
probably  the  seat  of  solar  influence  with  electric  currents  cir¬ 
culating  in  them  and  did  not  consider  as  serious  what  was  then 
considered  as  an  objection,  viz.,  that  the  conductivity  of  ordinary 
air  was  too  small  to  sustain  currents.  He  also  pointed  out  that 
a  system  of  currents  in  the  upper  atmosphere  would  exert  an 
indirect  effect  on  the  magnetic  needle  by  inducing  currents  in 
the  body  of  the  earth. 

Schuster 3  was  the  first  to  investigate  the  subject  in  a 
quantitative  manner.  The  first  step  in  his  analysis  of  variation 
data  was  to  split  up  the  curve  of  variation  of  each  of  the  com¬ 
ponents  into  Fourier  series.  Gauss’s  method  of  spherical  har¬ 
monic  analysis  was  then  applied  to  the  Fourier  coefficients  of 


Fig.  1.  Observed  daily  variation  of  declination  and  vertical  force 

at  Bombay  and  Greenwich  ( - )  compared  with  values  calculated  on 

the  assumption  that  the  origin  of  the  daily  variations  is  (1)  inside  the 
earth  ( - )  and  (2)  external  to  the  earth  ( . ). 
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variation  at  four  observatories — Bombay,  Lisbon,  Greenwich  and 
St.  Petersburg.  He  showed  that  the  horizontal  variation  field 
could  be  represented  by  a  surface  harmonic  but  in  order  to 
explain  the  vertical  variations  as  well,  it  was  necessary  to  assume 
that  the  main  source  of  disturbance  lay  outside  the  earth  and 
that  in  addition  to  the  external  source,  there  was  an  internal 
source  standing  in  fixed  relationship  to  the  external.  In  Fig.  1 
are  shown  the  observed  variations  of  H  at  Bombay  and  Green¬ 
wich  together  with  the  variations  calculated  from  the  spherical 
harmonic  expansion  for  the  potential.  On  the  right-hand  side 
of  the  same  figure  are  shown  the  observed  variations  of  Z  and 
the  variations  calculated  from  the  potential  distribution  assuming 
that  the  source  was  (1)  entirely  outside  the  earth’s  surface  and 
(2)  entirely  within  the  earth’s  surface.  It  is  obvious  that  the 
main  source  has  to  be  considered  as  lying  outside  the  earth’s 
surface. 

A  more  complete  analysis  of  the  solar  diurnal  variation 
field  using  the  data  of  21  observatories  was  carried  out  by  Chap¬ 
man.4  The  results  of  the  analysis  are  best  expressed  in  the 
form  of  a  diagram  showing  the  system  of  electric  currents  in  the 
upper  atmosphere  that  could  cause  the  observed  field. 

At  the  time  of  the  equinoxes,  the  current  system  consists 
of  four  closed  circuits,  two  lying  on  each  side  of  the  equator. 
Of  the  two  circuits  in  each  hemisphere,  the  one  lying  in  the  sunlit 
part  of  the  earth  is  the  more  intense  and  the  direction  of  the 
current  is  clockwise  in  the  northern  hemisphere  with  its  focus 
at  about  40°N.  At  the  time  of  the  solstices,  the  current  system 
is  more  intense  in  the  summer  hemisphere  and  extends  across  the 
equator  to  the  other  hemisphere. 

As  the  diurnal  variation  at  the  time  of  the  equinoxes  is 
symmetrical  about  the  equator  and  as  the  vertical  component  of 
the  variation  field  changes  sign  on  crossing  the  equator,  Schuster 
suggested  that  the  electric  currents  are  caused  by  horizontal 
oscillatory  movements  of  the  conducting  upper  atmosphere, 
rendered  conducting  by  the  ionizing  action  of  solar  ultra-violet 
radiation,  across  the  vertical  lines  of  force  of  the  earth’s  field. 
The  magnitude  of  the  electromotive  forces  generated  by  such 
movements  would  depend  on  the  velocity  of  movement  and  the 
vertical  intensity.  The  current  densities  will  of  course  depend 
also  on  the  conductivity  of  the  atmospheric  layer  which  under¬ 
goes  the  oscillatory  movement.  The  total  flow  of  current  in  the 
day  time  circuit  varies  from  6x10 4  amperes  at  the  time  of  the 
equinoxes  to’ 9  X  10  4  in  summer. 

The  Lunar  diurnal  variation  field. 

Before  we  go  into  the  details  of  the  oscillatory  movement 
in  the  upper  atmosphere,  we  shall  consider  an  even  simpler, 
though  less  obvious,  variation  field,  namely  that  of  lunar  diurnal 
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variation.  Its  mean  magnitude  at  the  equator  is  only  about 
jig-  of  that  of  the  solar  variation.  When  averaged  over  a  large 
number  of  complete  lunations,  the  curve  of  variation  is  a  simple 
semi-diurnal  sine  wave.  But  in  any  particular  phase  of  the  moon, 
the  amplitude  is  considerably  enhanced  during  the  daylight 
hours  of  the  day.  This  was  recognized  as  early  as  1874  by  Mr. 
Alan  Broun  5  in  his  discussion  of  the  observations  of  magnetic 

FIG. 2. 


MEAN  LUNAR  DIURNAL  VARIATION  of  DECLINATION  at  TRIVANDRUM 
from  A  .  BROUN  S  ANALYSIS 


declination  at  Trivandrum  (Fig.  2).  It  is  very  well  brought  out 
in  Moos’s  analysis  of  the  lunar  diurnal  variation  at  Bombay 
in  different  phases  of  the  moon.  The  external  current  systems 
required  to  produce  the  lunar  diurnal  variation  at  the  times  of 
equinoctial  and  summer  new  moons  have  been  shown  in  diagrams 
by  Chapman. 

There  is  little  doubt  that  the  lunar  semi-diurnal  wave  is 
due  to  the  tidal  action  of  the  moon  on  an  atmosphere  of  varying 
conductivity. 

In  both  solar  and  lunar  diurnal  variation  fields,  the  external 
part  is  2  to  2*5  times  the  internal  and  the  phase  of  each  of  the 
first  four  harmonic  components  of  the  internal  field  is  in  advance 
of  the  corresponding  components  of  the  external  field  by  about 
20°.  This  is  the  evidence  for  believing  that  the  internal  field 
is  an  induction  effect  of  the  external  primary  field.  The  electro¬ 
motive  forces  induced  in  a  conducting  sphere  by  currents  cir¬ 
culating  in  an  outer  shell  have  been  investigated  by  H.  Lamb. 
In  order  to  explain  the  relative  phases  and  amplitudes  of  the 
external  and  internal  fields,  it  is  necessary  to  assume  that  the 
conductivity  of  the  earth  is  non-uniform  and  that  the  crust  of 
the  earth  down  to  a  depth  of  about  240  km.  has  much  smaller 
conductivity  than  the  inside.  We  shall  not,  however,  pursue 
this  part  of  the  subject  further. 


845 


20 


Part  II,  Presidential  Addresses. 


(8) 


Cause  of  the  upper  atmospheric  current  system  and  its 
location  in  the  atmosphere. 

In  explaining  the  upper  atmospheric  current  system,  there 
are  two  distinct  questions  to  be  answered.  What  is  the  cause 
of  the  atmospheric  movement  and  how  is  the  conductivity 
produced  ? 

The  answer  to  these  questions  has  been  attempted  in  the 
most  comprehensive  way  in  the  ‘dynomo’  theory  of  diurnal 
variations.  Schuster  tried  to  connect  the  atmospheric  movement 
with  the  well-known  diurnal  variation  of  atmospheric  pressure. 
The  most  important  term  in  the  daily  oscillation  of  pressure  is 
the  semi-diurnal  term.  This  is  a  wandering  pressure -wave 
moving  from  east  to  west  with  a  free  period  of  12  hrs.  together 
with  a  stationary  wave  from  north  to  south  with  nodal  lines  at 
d:35®  latitude.  The  magnitude  of  the  semi-diurnal  wave, 
according  to  Simpson,  is  given  by  the  equation 

0-037  Bin»0  sin  (2t+  154e)  +  0-137  (co«20-J)  sin  (2*-2^+105°) 

where  6  is  the  co-latitude,  <j>  is  the  longitude  east  of  Greenwich, 
and  the  unit  of  pressure  is  1  mm.  of  mercury.  The  relation 
between  wind  and  pressure  variation,  in  which  the  deviating 
force  of  the  earth’s  rotation  is  neglected,  is 


(H’2)  (difr/dt)  =  -Bp/p, 


where  f  is  the  velocity-potential,  df/ds  the  velocity  in  the 
direction  ds  and  v  is  the  velocity  of  sound.  The  velocity- held 
corresponding  to  the  moving  pressure -wave  shows  maximum 
easterly  winds  at  9-10  hrs.  and  maximum  westerly  winds  at 
15-10  hrs.  local  time.  The  calculated  and  observed  values  of 
the  semi-diurnal  components  of  velocity  at  St.  Helena  are  given 
below : 


Semi-diurnal  winds  at  St.  Helena. 


Calculated  from 
pressure  variation. 


Observed. 


West  to  East  . .  —  22  sin  (2wH-158°)  —21  sin  (2w£  +  154°) 

North  to  South  ..  35  sin  (2nf+237e)  9  sin  (2ntf+244°) 

The  unit  of  velocity  is  1  cm. /sec.  While  the  phases  of  the  wind 
and  the  amplitudes  of  the  west  to  east  component  agree,  the 
observed  north  to  south  component  is  much  stronger  than  the 
calculated. 

Tho  amplitude  of  the  lunar  semi-diurnal  pressure  tide  at 
the  equator  is  only  about  ^  of  the  solar  tide. 

If  the  oscillations  in  the  upper  atmosphere  causing  the 
magnetic  variations  are  directly  related  to  the  barometric 
variations  observed  at  ground  level,  there  should  be  agreement  as 
regards  phase  between  the  two  variations.  Let  us  now  compare 
them: 
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Cause  of 

variation. 

Observed 
pressure 
variation  at 
ground  level 

Observed 

magnetic 

variation. 

Pressure 
variation 
calculated 
from  mag¬ 
netic  vari¬ 
ation. 

Col.  (4)  cor¬ 
rected  for 
phase  change 
due  to  self- 
induction. 

Solar 

Lunar 

sin  (2/  —  206°) 
sin  (22-295°) 

sin  (22—65°) 
sin  (22-12°) 

sin  (22-155°) 
sin  (22-102°) 

sin  (22-115°) 
sin  (22-62°) 

There  is  thus  a  difference  of  phase  between  the  observed  pressure 
variation  at  the  ground  and  the  upper  atmospheric  pressure 
variation  calculated  from  magnetic  data.  The  calculated  value 
exceeds  the  observed  by  91°  in  the  case  of  solar  and  by  233° 
in  the  case  of  lunar  variation. 

The  probable  solution  of  this  difficulty  as  well  as  of  a  cognate 
difficulty  regarding  the  conductivity  of  the  upper  atmosphere 
z  has  been  recently  offered  by  C.  L.  Pekeris.6  The  question  of 
the  origin  of  the  solar  semi-diurnal  wave  of  pressure  itself  has 
long  been  a  puzzle.  Analysis  of  the  pressure  curves  of  many 
stations  leaves  no  doubt  that  the  semi-diurnal  wave  is  more 
fundamental  than  the  diurnal.  We  know  that  there  is  an  exter¬ 
nal  periodic  force  acting  on  the  atmosphere  in  the  shape  of 
daily  insolation.  But  it  is  not  the  24-hourly  pressure-wave 
that  has  the  largest  amplitude  in  the  barograms  but  the  12- 
hourly.  The  magnitude  of  the  12-hourly  wave  can  be  explained, 
as  was  suggested  by  Lord  Kelvin,  if  the  atmosphere  had  a  free 
period  in  the  close  neighbourhood  of  12  hrs.  From  the  spreading 
of  the  air-waves  from  the  volcanic  eruption  at  Krakatau,  it  has 
long  been  known  that  the  atmosphere  has  a  free  period  of  about 
10^  hrs.  and  G.  I.  Taylor  showed  theoretically  that  the  atmosphere 
has  a  free  mode  of  oscillation  of  this  period.  An  assumption  in 
Taylor’s  calculation  of  the  free  period  was  that  the  stratosphere 
was  isothermal.  Kow,  various  lines  of  evidence,  such  as  the 
propagation  of  sound  waves  from  explosions,  the  existence  of 
ozone  in  the  upper  atmosphere,  etc.  have  shown  that  there  is  an 
increase  of  temperature  in  the  stratosphere  above  35  km. 
Pekeris,  assuming  that  this  increase  of  temperature  continues  up 
to  about  60  km.  (temperature  370°A),  beyond  which  it  again 
decreases,  reaching  220 °K  at  100  km.,  shows  that  there  are  two 
possible  modes  of  oscillation,  one  with  a  period  10 \  hrs.  and 
another  with  a  period  12  hrs.  The  12-hourly  oscillation  has 
a  nodal  surface  at  30  km.  and  the  atmospheres  above  and  below 
this  level  oscillate  horizontally  in  opposite  directions.  The 
amplitude  of  the  12-hourly  wave  at  100  km.  is  nearly  200  times 
that  at  the  ground.  The  work  of  Pekeris  removes  to  some 
extent  the  difficulties  of  the  dynomo  theory  of  the  diurnal 
variation  of  the  earth’s  magnetic  field. 
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While  on  the  subject  of  pressure  waves  in  the  upper  atmos¬ 
phere,  I  may  refer  to  the  recent  announcement  of  E.  V.  Appleton 
and  K..  Weekes  in  Nature  on  the  discovery  of  a  lunar  semi¬ 
diurnal  wave  in  the  height  of  the  E  layer  over  England.  Making 
use  of  a  series  of  quarter-hourly  observations  extending  over  a 
period  of  eight  months,  and  suitably  eliminating  the  effect  of 
solar  diurnal  and  seasonal  variations  of  height,  Appleton  and 
Weekes  have  found  evidence  for  the  existence  of  a  lunar  semi¬ 
diurnal  wave  with  a  pressure  range  8p/p  of  '068  at  110  km., 
which  comes  to  nearly  6,000  times  the  lunar  barometric  range  at 
ground  level.  The  maximum  height  of  the  lunar  tide  is  found  to 
occur  at  about  20  mts.  before  the  upper  and  lower  culminations 
of  moon  respectively.  The  magnitude  of  the  oscillation  is  T5 
to  2  km.  A  large  discrepancy  appears  in  that  the  phase  of  the 
upper  atmospheric  tide  is  found  to  be  nearly  the  same  as  that 
at  ground  level  at  Greenwich,  a  conclusion  which  is  in  disagree¬ 
ment  with  deductions  made  from  the  lunar  magnetic  variations 
assuming  such  currents  to  flow  in  region  E.  The  amplitude  of 
the  tide  is  also  much  larger  than  that  calculated  by  Pekeris. 

The  conductivity  of  the  upper  atmospheric  layers  responsible 
for  the  solar  diurnal  variation. 

The  currents  in  the  upper  atmosphere  depend  on  the  conduc¬ 
tivity  at  the  levels  concerned.  The  fact  that  the  range  of  mag¬ 
netic  variation  is  much  larger  during  day  than  during  night  both 
for  solar  and  lunar  variations  can  be  most  simply  explained  on 
the  assumption  that  the  conductivity  is  not  constant  but  varies 
during  the  day.  Assuming  that  the  electric  currents  responsible 
for  the  diurnal  variations  lie  in  a  spherical  shell  concentric 
with  the  earth,  Chapman  showed  that  the  relative  proportion 
of  the  various  harmonics  can  be  satisfactorily  explained  if  the 
conductivity  is  assumed  to  be  of  the  form  1  +3  cos  Z-\-'f  cos  2  Z, 
where  Z  is  the  zenith  distance  of  the  sun.  If  the  velocities  of 
oscillatory  movement  in  the  upper  atmosphere  are  the  same  as 
those  calculated  from  the  surface  barometric  variation,  the  total 
conductivity  \odh  of  the  conducting  layer  just  beneath  the  sun 
comes  to  IT  X  1016  e.s.  units  in  minimum  sunspot  years  and  T8  X 
1016  in  maximum  sunspot  years.  If  the  effect  of  self-induction 
is  taken  into  account,  the  maximum  conductivity  will  be  in¬ 
creased  to  2-3  X  1016  e.s.  units.  If  this  conductivity  is  uniformly 
distributed  over  a  thickness  of  50  km.,  the  mean  specific  conduc¬ 
tivity  will  be  4-5  X  108  e.s.  units  or  5  X  10"3  ohm-1  cm-1.  This 
may  be  compared  with  the  specific  conductivity  of  sea -water 
which  is  4  X  10~2  ohm-1  cm-2. 

The  level  of  the  solar  diurnal  variation  layer. 

The  question  of  the  level  of  the  atmospheric  layer  in  which 
the  magnetic  diurnal  variations  arise  is  one  of  great  interest. 
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We  know  that  maxima  of  electron  concentration  occur  at  about 
100  km.  in  the  E  layer  and  at  about  270  km.  in  the  F  layer. 
Besides,  there  is  a  D  layer  with  a  variable  and  smaller  electron 
concentration  at  50-60  km.  A  lower  F1  layer  separates  out 
from  the  main  F2  layer  during  day  and  rejoins  it  at  night. 

A  comparison  of  the  curves  of  variation  of  the  ionization 
of  different  regions  with  the  time  of  day,  season  and  sunspot 
frequency  suggests  that  the  diurnal  variation  currents  flow  in 
or  near  the  E  region  of  the  atmosphere. 

The  conductivity  of  any  region  of  the  upper  atmosphere  can 
be  estimated  from  ionospheric  data.  In  doing  this,  a  few  com¬ 
plicating  circumstances  have  to  be  kept  in  mind.  In  a  magnetic 
field,  the  conductivity  of  an  ionized  gas  is  not  isotropic  but  is 
smaller  in  a  direction  transverse  to  the  field  than  in  one  parallel 
to  it,  in  the  ratio  v2/(v2+fj2H),  where  v  is  the  collision  frequency 

of  the  charged  particles  and  pff=He/2mc.  In  high  magnetic 

latitudes  where  the  vertical  component  of  the  field  is  large,  and 
also  in  low  magnetic  latitudes  for  east  to  west  direction,  it  is  the 
transverse  conductivity  that  will  decide  the  magnitude  of  the 
currents.  Moreover,  both  electrons  and  ions  can  contribute  to 
the  conductivity.  To  make  a  correct  estimate  of  the  total 
conductivity  of  a  region,  we  have  therefore  to  know  the  law  of 
distribution  of  ions  and  electrons  with  height.  The  question 
has  been  recently  discussed  in  a  thorough  manner  by  Appleton7 
in  his  Bakerian  Lecture  £  Regularities  and  Irregularities  in  the 
Ionosphere  \  He  finds  that  the  total  direct  current  conductivity 
§adh  of  the  E  region  for  horizontal  electromotive  forces  is  about 
23  X  10  11  e.s.  units  if  we  assume  that  the  conductivity  is  due  to 
electrons,  the  maximum  density  of  electrons  being  L5x  10  5/c.c. 
and  their  collision  frequency  at  that  level  10  5/sec.  If  on  the 
other  hand,  it  is  assumed  that  the  conductivity  is  due  to  ions 
of  mass,  say  28,  and  the  corresponding  collision  frequency  is  10  3, 
the  total  conductivity  for  the  same  number  of  ions  comes  out 
to  be  4  x  10  12  e.s.  units.  At  a  low  pressure  and  in  a  magnetic 
field,  the  ionic  conductivity  can  thus  be  more  important  than 
the  electronic  conductivity. 

As  an  ionized  region  absorbs  the  energy  of  high  frequency 
waves  passing  through  it  and  the  absorption  is  related  to  the 
conductivity,  the  total  direct -current  conductivity  of  the  atmos¬ 
pheric  layers  below  the  F  region  can  also  be  estimated  from  the 
reflection  coefficients  of  waves  penetrating  the  E  layer  but 
reflected  back  to  earth  from  F.  The  total  conductivity  calcu¬ 
lated  in  this  manner  for  summer  noon  over  England  comes  to 
be  of  the  order  10  11  e.s.u.,  assuming  the  absorption  to  be  due  to 
electrons. 

As  we  have  already  seen,  the  D.C.  conductivity  demanded 
by  magnetic  diurnal  variations  is  of  the  order  10  16  e.s.u.,  if  we 
assume  that  the  oscillatory  movements  in  the  upper  air  are 
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the  same  as  those  calculated  from  the  barometric  variations  at 
ground-level.  With  Pekeris’  correction  the  conductivity  re¬ 
quired  will  become  200  times  smaller.  Even  then,  it  would 
be  larger  than  that  calculated  from  ionospheric  data.  This 
difficulty  has  been  to  a  large  extent  removed  by  Massey’s8 
recent  work  on  atomic  processes  in  the  upper  atmosphere  in 
which  he  has  shown  that  the  rate  of  recombination  of  electrons 
in  the  E  layer  is  much  slower  than  that  of  either  attachment 
or  detachment  and  that  an  equilibrium  ratio  of  100  :  1  will  be 
set  up  in  that  region  in  a  few  minutes  between  the  negative 
ions  and  electrons.  With  a  density  of  ions  of  10  7/c.c.  at  100  km., 
the  contribution  to  the  conductivity  will  come  mainly  from  the 
ions  and  will  be  sufficient  to  explain  the  high  value  required  by 
magnetic  data. 

In  spite  of  its  drawbacks,  the  ‘dynomo’  theory  of  solar 
and  lunar  diurnal  variation  seems  to  explain  observations  best. 
When  Chapman  first  worked  it  out  in  detail,  there  were  two  main 
difficulties:  one  was  that  the  phase  of  the  magnetic  variations 
did  not  agree  with  that  deduced  from  the  barometric  variations 
at  ground  level  and  the  second  was  that  the  electric  conductivity 
demanded  was  much  larger  than  that  deduced  from  radio  data. 
The  first  objection  was  reduced  in  importance  by  Pekeris’  work 
on  tidal  oscillations  in  a  two -layered  atmosphere  in  which  he 
showed  that  the  semi-diurnal  wave  at  100  km.  is  opposite  in 
phase  to  that  at  the  ground  and  the  second  objection  was  met 
partly  by  Pekeris’  showing  that  the  amplitude  of  the  12  hourly 
wave  at  100  km.  is  nearly  200  times  that  at  the  ground  and 
partly  by  Massey’s  work  on  processes  of  recombination  and 
attachment  in  the  upper  atmosphere  wherein  he  gave  reasons 
for  thinking  that  the  density  of  negative  ions  in  the  E  region 
may  be  about  100  times  that  of  electrons  in  the  same  region. 

It  may  also  be  mentioned  that  owing  to  the  increase  of 
molecular  conductivity  at  higher  levels,  the  damping  of  tidal 
oscillations  by  conduction  and  viscosity  will  be  negligible  at 
100  km.  and  will  be  very  large  at  200  km. 


Diamagnetic  and  drift -current  theories  of  solar  diurnal 

variation. 

Two  other  theories  of  solar  diurnal  variation  have  been 
proposed,  a  diamagnetic  theory  of  the  upper  atmosphere  by 
Ross  Gunn  and  a  drift-current  theory  by  Chapman.  According 
to  the  former,  in  the  upper  levels  of  the  atmosphere  where  the 
time  between  two  collisions  of  a  charged  particle  is  long  compared 
with  the  time  for  a  rotation  of  the  particle  round  the  lines  of 
magnetic  force,  the  particle  will  rotate  round  the  lines  of  force 
in  such  a  direction  as  to  render  the  layers  diamagnetic,  the 
susceptibility  depending  on  the  density  of  electrons  and  ions 
and  on  their  speeds.  Assuming  a  suitable  variation  of  charge 
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density  with  local  time,  qualitative  agreement  with  the  observed 
field  variation  can  be  obtained,  but  the  calculated  field  is  too 
small  unless  temperatures  of  the  order  of  1000°C  are  assumed 
for  the  long  free  path  region.  According  to  the  drift-current 
theory,  in  the  region  of  long  free  paths,  the  charged  particles 
fall  freely  under  gravity  and  their  motion  being  inclined  to  the 
direction  of  the  magnetic  field,  they  are  deflected  in  a  horizontal 
direction,  giving  rise  to  an  eastward  current  over  the  equatorial 
regions.  Owing  to  the  diurnal  variation  of  ionization,  the 
currents  will  not  remain  parallel  to  the  latitudes  throughout 
the  day  but  will  diverge  and  converge  giving  rise  to  the  observed 
variation  of  field.  The  theory  has  not  been  worked  out  in  a 
quantitative  form. 

Both  these  theories  place  the  seat  of  solar  diurnal  variation 
in  the  long  free  path  region. 

Evidence  from  magnetic  disturbances  associated  with  radio 

fade-outs. 

Within  the  last  four  years,  fresh  evidence  has  appeared  re¬ 
garding  the  location  of  the  currents  responsible  for  the  solar 
diurnal  variations.  This  comes  from  an  analysis  of  the  magnetic 
disturbances  accompanying  radio  fade-outs.  In  long  distance 
short-wave  radio  transmission,  it  was  noticed  that  occasionally 
the  signals  entirely  disappeared  quite  suddenly  and  made  their 
reappearance  after  a  period  ranging  from  15  to  45  minutes. 
Detailed  investigation  by  M.  Jouaust  of  France  showed  that 
these  fade-outs  occurred  simultaneously  over  different  parts  of 
the  earth.  J.  H.  Dellinger  9  of  the  American  Bureau  of  Standards 
working  in  collaboration  with  the  workers  of  the  Mount  Wilson 
Solar  Observatory  discovered  that  when  the  radio  fade-outs 
occurred,  there  was  a  simultaneous  appearance  of  a  bright 
eruption  on  some  small  portion  of  the  sun’s  surface  (usually  in 
the  neighbourhood  of  a  sunspot)  and  as  the  brightness  of  the 
solar  eruption  waned,  the  radio  signals  gradually  regained  their 
strength.  It  was  also  noticed  that  during  the  time  of  the  solar 
eruptions,  there  appeared  in  the  traces  of  self-recording  magneto - 
graphs  a  characteristic  sudden  disturbance,  a  phenomenon 
which  had  been  noticed  as  early  as  1859  and  remarked  on  by 
Balfour  Stewart.  To  understand  the  character  of  the  changes 
in  the  ionosphere  responsible  for  these  disturbances,  it  is  necessary 
to  study  the  distribution  of  the  changes  of  the  directions  and 
magnitude  of  the  magnetic  field  over  the  surface  of  the  earth. 
This  was  done  by  A.  G.  McNish10  for  the  western  hemisphere. 
In  1936,  the  magnetograms  of  the  Alibag  Observatory  showed 
16  clear  instances  of  such  disturbances.  On  enquiry  the  Engi¬ 
neers  of  the  Indian  Radio  and  Cables  Co.,  Ltd.,  supplied  a  list  of 
the  times  of  occurrence  of  the  radio  fade-outs  which  had  been 
observed  in  India  during  the  communication  of  signals  between 
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India  and  England  and  India  and  Japan.  On  all  such  occasions, 
marked  disturbances  in  the  magnetic  curves  had  occurred.  In 

FIG. 3. 

ELECTRIC  CURRENTS  mTHE  UPPER  ATMOSPHERE 
ASSOCIATED  with  THE  RADIO  FADE-OUT  of 
26™.  JAN. 1937— BEGINNING  7h  57m  G.M.T. 


The  arrows  show  the  directions  and  magnitudes  of  the  changes  in 
the  horizontal  field  and  the  figures  the  changes  in  the  vertical  field, 
positive  sign  indicating  increase  in  downward  component. 


Eig.  3  are  plotted  the  changes  of  magnetic  field  due  to  one 
such  disturbance  which  occurred  on  January  26,  1937.*  The 
important  point  to  notice  is  that  if  we  assume  the  disturbance 
to  be  due  to  a  system  of  electric  currents  in  the  upper  atmosphere, 
it  is  nearly  of  the  same  form  and  position  as  the  system  of 
currents  required  to  explain  the  solar  diurnal  variations  of  the 
earth’s  field.  This  suggests  that  the  effect  of  the  solar  outburst 
is  to  produce  an  increase  in  the  ionization  and  hence  the  conduc¬ 
tivity  in  and  near  the  levels  at  which  the  ordinary  quiet-day 
variations  take  place. 

Progress  in  ionospheric  technique  has  provided  means  of 
locating  the  approximate  level  at  which  a  sudden  burst  of  ioniza¬ 
tion  is  caused  by  the  solar  eruption.  During  a  radio  fade- 
out,  the  initial  cut-off  of  reflected  waves  from  the  ionosphere 
is  abrupt  from  all  the  layers  E,  F1  and  F2,  but  the  waves  reflected 
from  the  lower  layers  disappear  a  little  earlier.  The  reappearance 
of  the  signals  is  distinctly  earlier  from  F2  than  from  Flf  from  F1 
than  from  E  and  so  on.  When  the  signals  have  reappeared  the 
charge-densities  of  F2  and  F1  show  practically  no  change,  while 
the  charge -density  of  E  shows  a  slight  increase.  These  facts 


*  I  am  indebted  to  the  Directors  of  the  respective  observatories  for 
kindly  sending  me  their  original  magnetograms  or  their  copies  from 
which  this  and  similar  charts  have  been  prepared. 
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and  the  rapidity  with  which  normal  conditions  are  restored 
make  it  certain  that  the  ionization  due  to  the  solar  flare  takes 
place  in  and  below  the  E  layer.  The  current  system  due  to  the 
fade-out  being  similar  to  the  solar  diurnal  variation  makes  us 
infer  that  the  latter  also  is  located  in  or  near  the  E  layer. 

Magnetic  storms. 

Besides  the  periodic  variations  of  the  earth’s  magnetic 
field,  there  are  irregular  variations  of  different  kinds.  Some  of 
them  are  of  well-defined  types.  The  most  important  of  them  is 
the  ‘magnetic  storm5.  In  our  latitudes,  a  ‘world- wide’ 
magnetic  storm  may  cause  changes  of  horizontal  intensity 
amounting  to  800  y,  or  more  than  one-fifth  the  normal  value  of 

ALIBAG'MAGNETOkRAMS 
JAN. 25-27,  1938. 
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the  field.  The  characteristic  features  of  magnetic  storms  have 
been  analyzed  by  Moos,11  Chapman12  and  others.  Moos  made 
a  detailed  analysis  of  Bombay  data  and  Chapman  extended  and 
amplified  it  including  data  from  other  parts  of  the  earth.  The 
time-variation  of  the  magnetic  elements  after  the  onset  of  a 
storm  depends  to  an  appreciable  extent  on  the  time  of  the  day. 
It  can  be  analyzed  into  (1)  a  storm-time  variation  and  (2)  a 
local  time  variation.  The  local  time  variation  consists  of  a 
diurnal  oscillation,  with  maximum  departures  from  normal  in 
M  and  Z,  the  horizontal  and  vertical  components  of  the  field, 
at  about  6  hrs.  and  18  hrs. 

Magnetic  storms  often  begin  with  an  impulsive  change  in 
H— generally  an  increase — followed  by  oscillations.  Within 
an  hour  or  two  after  this  ‘sudden  commencement’,  follows  a 
period  of  rapidly  diminishing  H,  lasting  for  6  to  12  hrs.  The 
period  of  abnormally  low  values  of  H  is  the  second  or  main 
phase.  Finally,  there  is  a  gradual  return  of  conditions  to  normal, 
which  may  go  on  for  three  or  four  days.  (Fig.  4.) 

Both  the  ‘sudden  commencement’  as  well  as  the  maximum 
change  of  field  during  the  main  phase  of  the  storm  show  syste¬ 
matic  geographical  distributions.  The  ‘  sudden  commencement  ’ 
— which  is  most  marked  in  H — is  generally  a  maximum  near  the 
equator  and  decreases  towards  the  poles.  Sometimes,  there  is 
an  increase  of  intensity  in  the  neighbourhood  of  the  auroral 
zone.  The  maximum  disturbance  during  the  main  phase  also 
shows  a  decrease  in  the  same  direction,  but  after  60 °-  65°  geo¬ 
magnetic  latitude,  the  disturbance  sharply  rises  to  a  maximum 
in  all  the  elements.  The  more  intense  the  storm,  the  lower  is 
the  latitude  at  which  the  sharp  increase  in  disturbance  takes 
place.  The  storm-time  variations  can  be  analyzed  in  a  manner 
similar  to  the  diurnal  variations  by  the  method  of  spherical 
harmonic  analysis  in  order  to  ascertain  whether  the  source 
is  internal  or  external.  The  result  of  such  a  study  has  been 
to  show  that  the  main  source  of  disturbance  lies  outside  the 
earth  with  an  internal  induced  system  associated  with  it.  That 
the  outside  source  is  a  system  of  electric  currents  either  in 
the  earth’s  atmosphere  or  outside  it,  was  the  view  put 
forward  by  Birkeland  13  in  his  classical  discussion  of  the  magnetic 
results  of  the  Norwegian  Aurora  Polaris  Expedition  of  1902-03. 
It  is  desirable  to  consider  the  current  systems  associated  with 
the  preliminary  phase  and  the  main  phase  of  the  storm  separately. 

(a)  Preliminary  phase. 

The  disturbance  vector  is  directed  northward  in  low  and 
middle  latitudes  and  the  sudden  commencement  occurs  within 
two  minutes  all  over  the  earth,  on  the  dark  side  as  well  as  the 
bright  side.  The  impetus  is  a  maximum  over  the  equator,  and 
there  is  sometimes,  but  not  always,  another  maximum  near  the 
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auroral  zone.  The  current  system  required  is  an  eastward  flow 
all  round  the  earth,  and  corresponds  to  the  'positive  equatorial 
perturbation’  of  Birkeland. 


Main  phase. 

The  current  system  due  to  the  main  phase  has  been  studied 
by  Chapman  14  and  his  co-workers  and  by  Goldie.15  The  system 
can  be  divided  into  two  parts  corresponding  to  the  storm-time 
and  the  local  time  variations  of  the  disturbance  field.  These 
consist  of  ( 1 )  a  westward  flow  with  a  diffuse  maximum  of  current 
density  over  the  equator  and  a  concentrated  maximum  over 
the  auroral  zone  and  (2)  a  system  of  four  vortices,  two  in  the 
northern  and  two  in  the  southern  hemisphere.  The  direction 
of  the  forenoon  vortices  is  cyclonic  and  of  the  afternoon  ones 
anticy clonic.  The  afternoon  vortices  are  generally  the  more 
intense.  The  combined  and  component  current  systems  (assum¬ 
ing  them  to  lie  in  a  thin  spherical  shell  surrounding  the  earth)  are 
shown  in  diagrams  by  Chapman.  In  the  maximum  storm-time 
phase  of  moderate  storms,  a  total  current  of  the  order  of  5  X  105 
amperes,  flows  westward  in  extra-auroral  regions  and  currents 
of  the  order  of  3*5  X  105  and  2  x  105  amperes  flow  westward  and 
eastward  respectively  in  the  auroral  zone.  In  very  great  storms, 
the  current  density  may  exceed  ten  times  this  amount. 
Chapman’s  scheme  of  electric  current  systems  may  be  compared 
with  those  worked  out  for  individual  disturbances  by  Birkeland 
and  for  the  average  of  10  storms  by  Goldie. 

Location  of  the  currents. 

There  is  little  doubt  that  during  the  main  phase  of  the  storm, 
the  currents  in  the  auroral  zone  lie  mainly  in  the  earth’s  atmos¬ 
phere.  The  connection  between  aurorae  and  magnetic  storms 
is  very  close,  great  magnetic  storms  being  associated  with  marked 
southerly  movement  of  the  auroral  region  (see  Vestine’s  diagram 
showing  average  directions  of  magnetic  disturbance  vectors 
and  of  auroral  arcs).  The  most  frequent  height  of  aurorae  is  in 
the  neighbourhood  of  110  km.  Birkeland,  from  his  calculations 
of  the  spatial  variation  of  the  field  near  the  auroral  region  found 
that  the  heights  of  the  currents  lay  between  150  and  600  km. 
Goldie  estimated  the  mean  heights  of  the  currents  to  be  290  km. 
at  2  hrs.  local  time  and  370  km.  at  17  hrs.  McNish16  and  Vestine 
in  recent  analysis  of  the  heights  of  electric  current  systems  due 
to  'polar  elementary  storms’  and  smaller  disturbances  have 
taken  into  account  the  effect  of  the  induced  field  inside  the  earth 
and  found  that  the  hypothesis  that  fits  the  facts  best  is  a  current 
at  100-150  km.,  a  region  where  the  direct  current  conductivity7 
of  the  upper  atmosphere  is  a  maximum.  The  probability 
therefore  is  that  the  concentration  of  magnetic  field  in  the 
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auroral  zone  during  the  main  phase  of  magnetic  storms  is  also 
due  to  a  concentrated  current  system  round  the  geomagnetic 
pole  at  a  height  of  100-150  km.  above  the  earth  flowing  along 
auroral  paths  of  large  conductivity. 

The  location  of  the  current  system  causing  an  ‘equatorial 
perturbation’  is  more  difficult.  Various  reasons  make  it  neces¬ 
sary  to  place  it  well  outside  the  earth’s  atmosphere.  The 
magnetic  changes  are  greatest  in  regions  round  the  equator  and 
the  disturbing  vector  is  directed  similarly  in  both  the  northern 
and  southern  hemispheres.  The  facts  of  magnetism  can  be 
most  simply  explained  by  assuming,  with  Birkeland,  that  it  is 
due  to  a  ring -current  round  the  earth  with  maximum  intensity 
over  the  equator,  the  size  of  the  ring  being  comparable  with  the 
diameter  of  the  earth.  The  direction  of  the  ring-current  would 
be  eastward  at  the  time  of  ‘the  sudden  commencement'  and 
westward  during  the  main  phase  of  the  storm,  That  the  forma- 
tion  of  such  ring-currents  is  possible  when  a  stream  of  charged 
particles  flows  towards  a  magnetized  sphere  was  demonstrated 
by  the  laboratory  experiments  of  Birkeland  and  the  calculations 
of  Stormer.17 

An  attempt  at  finding  the  position  of  the  equatorial  ring- 
currents  has  been  recently  made  by  S,  E,  Forbush}8  in  the  case 
of  two  magnetic  storms,  one  of  which  began  on  August  21, 
1936  and  another  on  January  16,  1938,  The  storm-time  varia¬ 
tions  of  the  earth’s  field  were  analyzed,  assuming  them  to  be 
due  to  (1)  a  westward  ring-current  over  the  geomagnetic  equator 
and  (2)  two  concentrated  westward  current  systems  over  the 
north  and  south  auroral  zones,  at  a  height  of  150  km.  above 
ground  and  (3)  the  associated  induced  fields,  The  result  of  the 
analysis  as  regards  the  position  of  the  equatorial  ring-current 
is  shown  in  the  following  table: — 


Estimated  value  R/a  of  equatorial  ring-current, 


Date  of  commence¬ 
ment  of  storm. 

Time  after  commence¬ 
ment. 

Estimated  zonal  cur¬ 
rent  and  polar  dis¬ 
tance, 

R/a 

Aug.  21,  1937 

30-78  hrs. 

54  hrs.  (adjusted  by 
smoothing) 

4x  10  4  amp.  and  20° 
do, 

4-0 

2-5 

Jan.  16,  1938 

22-46  hrs.  7 

54-78  hrs.  ) 

6'2x  104  and  28Q 

15-8 

54  hrs.  (smoothed) 

do. 

2d 

Disturbed  days  mi¬ 
nus  quiet  days. 

2x  104 

2-3 
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In  the  case  of  storms,  the  radius  of  the  ring-current  is  not 
less  than  two  earth-radii,  but  may  greatly  exceed  that  figure. 
For  a  mean  disturbed  day,  the  radius  is  of  the  order  of  2  to  3 
earth -radii. 

A  line  of  study  which  in  the  near  future  is  likely  to  yield 
valuable  information  regarding  these  ring- currents  is  the  effect 
of  magnetic  storms  on  cosmic  ray  intensity.  That  there  was  a 
decrease  in  cosmic  ray  intensity  throughout  the  earth  from  the 
equator  to  50  °N.  during  a  magnetic  storm  was  noticed  by  a 
number  of  cosmic  ray  investigators  during  the  magnetic  storm 
of  April  26,  1937.  Usually,  a  fall  of  horizontal  intensity  is 
associated  with  a  decrease  of  cosmic  ray  intensity.  It  was 
pointed  out  by  Chapman  that  this  effect  was  probably  due  to 
the  postulated  ring  currents  and  that  the  change  in  cosmic  ray 
intensity  might  enable  us  to  determine  the  height  of  the  currents 
above  the  earth.  While  for  the  same  storm,  the  changes  in  H 
and  changes  in  cosmic  ray  intensity  seem  to  be  correlated,  the 
mean  ratio  AJ/AH  for  different  storms  are  different.  For 
instance,  in  the  storm  commencing  on  August  21,  1937,  there  was 
hardly  any  effect  on  the  cosmic  ray  intensity.  This  can  be  ex¬ 
plained  if  the  current  systems  for  different  storms  flow  at 
different  distances.  The  calculated  values  of  the  radii  of  the 
equatorial  current  system  calculated  from  the  changes  of  cosmic 
ray  intensity  in  three  or  four  magnetic  storms  are  3  to  4  earth- 
radii. 

A  serious  difficulty,  however,  remains.  In  the  above  calcu¬ 
lations,  it  is  assumed  that  the  effect  of  the  external  current 
system  is  to  increase  the  magnetic  field  outside  the  system  and 
hence  to  decrease  the  number  of  cosmic  ray  particles  reaching  low 
and  moderate  latitudes.  While  this  is  of  course  true,  there 
will  be  a  corresponding  decrease  of  field  between  the  earth  and 
the  external  current  system  and  since  the  largest  deflections  of 
the  charged  particles  will  occur  within  this  space,  the  net  effect 
of  the  ring-current  would,  a  priori,  be  expected  to  cause  an 
increase  in  the  allowed  cone  of  cosmic  rays  and  hence  an  increase 
in  its  intensity.  Clay  and  Bruins19  think  that  the  only  way  to 
escape  out  of  the  difficulty  is  to  assume  that  circular  currents 
normally  exist  over  the  equator  but  that  during  magnetic  storms, 
they  decrease  or  oscillate.  Detailed  calculations  of  the  effect 
of  a  ring-current  on  the  paths  of  charged  particles  are  necessary 
and  will  no  doubt  be  forthcoming  shortly. 


Cause  of  magnetic  storms. 

The  close  correlation  between  magnetic  and  auroral  activity 
makes  it  clear  that  the  origins  of  the  two  are  intimately  con¬ 
nected.  The  corpuscular  theory  of  Birkeland  and  Stormer 
explains  many  of  the  facts  well  and  in  spite  of  weighty  objections 
to  the  theory,  it  appears  probable  that  some  modification  of  it 
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will  survive.  A  stream  of  charged  particles  directed  from 
outside  towards  a  magnetized  sphere,  such  as  the  earth,  will 
describe  a  series  of  orbits  determined  by  the  magnetic  moment 
of  the  sphere  and  the  momentum  of  the  particles.  Stormer 
showed  that  there  exists,  about  the  sphere,  a  toroidal  space 
with  its  axis  coinciding  with  that  of  the  sphere,  into  which  the 
particles  will  not  enter.  The  equatorial  radius  of  this  space 
is  given  by  (2^-1)  C,  where  C=(Me/mv )*,  M  being  the  magnetic 
moment  of  the  sphere,  and  e,  m  and  v  the  charge,  mass  and 
velocity  of  the  particles.  G  has  this  physical  significance  that 
it  is  the  radius  of  the  equatorial  circle  which  is  a  possible  orbit 
for  the  particle.  There  is  thus  only  a  limited  region  round  the 
magnetic  poles  to  which  particles  from  outside  can  have  entry. 
The  maximum  angular  extent  of  this  region  depends  on  the 
momentum  of  the  particles.  A  table  showing  the  values  of  C 
and  the  maximum  angular  distance  from  the  poles  at  which 
particles  can  enter  the  earth’s  atmosphere,  is  given  below  for 
various  kinds  of  particles. 

Table. 


Nature  of 
particles. 

Velocity 
cm. /sec. 

mv  Tr 

-=HP 

C  in 
earth 
radii. 

Angular 
distance  of 
entry  (from 
magnetic 
axis). 

Cathode  rays 

l-9x  109 

108 

1400 

2°-3 

9-OX  109 

540 

660 

3°-4 

fi  rays 

2-4x  1010 

1800 

345 

4°-6 

2-8x  10io 

4500 

220 

5°-8 

a  rays 

l-4x  109 

290,000 

28 

16°-6 

2-06X  109 

398,000 

23 

18°-1 

Ca+ 

l-6x  108 

6-6x  10& 

17 

20° 

Even  fast  jS  ray  particles  with  a  velocity  of  2-8  X  1010  cm. /sec. 
cannot  get  beyond  5°*8  from  the  magnetic  pole.  As  we  know  from 
auroral  and  magnetic  observations  that  the  maximum  current 
densities  occur  at  20-23°  from  the  poles,  the  particles,  if  electrons, 
must  have  even  greater  velocities,  or  they  should  be  particles 
of  atomic  size  with  momenta  exceeding  those  of  the  fastest  a 
rays.  Milne  has  calculated  that  Ca+  atoms  moving  away  from 
the  sun,  would  get  gradually  accelerated  owing  to  absorption  of 
solar  radiation  from  regions  outside  the  centres  of  the  Fraunhofer 
H  and  K  lines  and  acquire  a  maximum  velocity  of  1-6  xlO8 
cm. /sec.  Such  particles  will  reach  the  earth  in  about  28  hrs. 
and  enter  the  earth  at  about  20°  from  the  magnetic  axis.  But 
their  momenta  would  be  too  small  to  penetrate  to  a  depth  in 
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the  atmosphere  as  low  as  80-100  km. — which  seems  to  be  required 
by  auroral  phenomena.  Ionospheric  studies  in  the  auroral 
region  also  point  to  the  conclusion  that  the  particles  reach  a 
height  of  80-100  km.  above  ground.  Leiv  Harang,20  of  the 
Auroral  Observatory  at  Troms </>  in  Norway  (<^  =  69o40'N.,  A  = 
18°57'E.)  summarizes  the  general  results  of  radio-echo  observa¬ 
tions  there  during  magnetic  disturbances  as  follows: — 

(1)  Momentary  formation  of  a  new  layer  at  the  level  of  the 
E  layer  during  storms. 

(2)  Formation  of  an  absorbing  layer  below  the  usual  E 
layer  during  the  intense  phase  of  the  storm  causing  weakening 
and  sometimes  cessation  of  the  echoes  on  all  wave-lengths. 

(3)  Formation  of  high  F  layers  during  and  after  the  storm 
with  subsequent  lowering  of  height. 

(4)  Decrease  of  the  critical  frequencies  of  F1  and  F2. 

(5)  Rapid  changes  of  P'f  curves  in  periods  of  magnetic 
activity. 

It  has  been  suggested  by  Stormer  and  demonstrated  ex¬ 
perimentally  by  Briiche  that  if  there  is  a  ring-current  round  the 
earth,  its  effect  would  be  to  shift  the  position  of  entry  to  nearer 
the  equator.  If  the  observed  position  of  the  auroral  zone  is  to 
be  explained  in  this  manner,  we  should  expect  that  the  position 
of  maximum  disturbance  should  depend  on  the  strength  of  the 
ring -currents,  that  is,  on  the  strength  of  the  disturbance.  It 
is  true  that  during  large  disturbances,  there  is  a  tendency  for  the 
zone  of  maximum  disturbance  to  shift  equatorward,  but  during 
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weak  disturbances,  no  such  tendency  seems  observable.  This 
may  be  seen  from  Fig.  5  in  which  is  shown  the  variation  of 
disturbance  with  distance  from  the  magnetic  equator  on  all 
days,  quiet  days,  and  disturbed  days  prepared  from  the  range 
data  published  by  the  International  Commission  for  Terrestrial 
Magnetism. 

Birkeland  and  Stormer  considered  the  stream  of  corpuscles 
projected  from  the  sun  and  moving  towards  the  earth  as  having 
charges  of  the  same  sign.  It  is  now  generally  agreed  that  such 
a  stream  would  not  hold  together  all  the  way  from  the  sun  to 
the  earth  without  dissipation.  Chapman  and  Ferraro  have 
attempted  to  work  out  a  detailed  theory  of  magnetic  storms  and 
aurorae,  assuming  the  particles  to  be  neutral  on  the  aggregate 
but  composed  of  equal  numbers  of  positive  and  negative  charges 
and  probably  also  accompanied  by  a  good  number  of  uncharged 
particles.  Such  a  composite  stream  can  approach  the  earth 
much  nearer  than  a  stream  of  particles  all  having  the  same  sign  ; 
and  if  a  moderate  difference  in  speed  between  the  positive  and 
negative  particles  is  permissible,  it  is  possible  for  them  to  form 
a  ring-current  round  the  earth  ;  but,  as  Chapman  says,  ‘It  must 
be  confessed  that  we  have  no  clear  indication  whether  or  how 
such  a  ring  could  be  formed’.  However,  present-day  evidence 
is  tending  more  and  more  to  the  view  that  an  equatorial  ring- 
current  is  formed  outside  our  atmosphere. 

Such  a  ring-current,  when  varying,  must  produce  induced 
currents  in  our  atmosphere;  and  the  question  remains  to  be 
answered  whether  we  can  explain  all  the  effects  that  we  observe 
in  low  latitudes  during  magnetic  storms  by  the  effect  of  the 
induced  currents  in  a  non-uniformly  conducting  atmosphere. 
For  example,  there  is  the  local  time  variation  of  magnetic  storms. 
Again,  ionospheric  workers  in  moderate  latitudes  also  have 
found  that  during  magnetic  storms,  the  waves  reflected  from  the 
F2  region  become  weaker,  the  height  of  this  region  increases  and 
its  electron  density  decreases.  Observations  are  obviously 
needed  from  low  latitudes  of  the  changes  that  take  place  in  the 
upper  atmosphere  during  magnetic  storms.  Some  observations 
perhaps  do  exist,  but  they  have  not  become  available. 

Before  leaving  the  subject,  it  is  desirable  to  consider  briefly 
a  purely  atmospheric  theory  of  magnetic  storms  worked  out  by 
Hulburt  and  Maris.21  They  assume  that  in  times  of  activity, 
the  sun  occasionally  emits  a  sudden  blast  of  ultra-violet  radia¬ 
tion  lasting  for  a  short  period,  mainly  in  the  region  of  wave- 

O 

lengths  below  1500 A.  The  radiation  produces  ionization  both 
in  the  long  and  short  path  regions  of  the  sunlit  atmosphere. 
According  to  them,  therefore,  the  particles  do  not  come  from 
outside;  they  are  produced  in  our  atmosphere  mainly  in  low 
latitudes.  The  ionization  in  the  long  free  path  region  produces 
an  eastward  current  and  gives  rise  to  the  initial  phase  of  the 
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storm  with  its  increase  in  H.  The  ionization  in  the  short  free 
path  region  increases  the  conductivity  of  the  atmosphere  and 
causes  its  expansion;  and  upward  velocity  of  10  km. /hr.  can 
cause  a  decrease  in  H  of  100  y  at  the  equator.  The  expansion 
is  also  supposed  to  engulf  the  long  free  path  ions  in  the  rising 
tide  of  molecules  and  convert  them  into  short  free  path  ions. 
The  consequent  reduction  in  the  number  of  long  free  path  ions 
is  believed  to  be  responsible  for  the  observed  after-effect  of  the 
storm  in  keeping  down  the  horizontal  component  of  the  earth’s 
field  below  normal  for  a  few  days.  The  most  serious  objection 
to  the  ultra-violet  theory  is,  as  pointed  out  by  Chapman,  that 
the  ultra-violet  theory  can  account  for  a  velocity  of  only  about 
106  cm. /sec.  for  the  particles  by  ultra-violet  ionization  and  impact 
with  excited  particles  and  that  this  velocity  is  far  too  small  for 
the  particles  to  penetrate  down  to  80  km.  and  explain  the  various 
observed  features  of  aurorae. 


Conclusion. 

From  what  has  been  said,  it  will  be  clear  that  the  subject  of 
Terrestrial  Magnetism  presents  many  problems  of  great  interest 
both  to  the  experimental  and  the  theoretical  physicist.  We  are 
still  far  from  the  solution  of  the  fundamental  problem  of 
the  origin  of  the  earth’s  permanent  magnetic  field.  More 
information  can  undoubtedly  be  gathered  about  the  electrical 
and  magnetic  properties  of  the  earth’s  interior  by  a  study  of 
the  magnetic  variations  on  the  lines  of  Chapman  and  his  school. 
I  have  not  even  touched  on  the  application  of  magnetic  methods 
to  the  study  of  the  structure  of  the  top  layers  of  the  earth’s 
crust— a  method  which  has  given  results  of  economic  value  in 
other  countries  and  has  begun  to  yield  results  of  great  geo¬ 
physical  interest  in  the  hands  of  the  Survey  of  India.  Our 
knowledge  of  the  exact  locations  in  the  earth’s  interior  and  in 
the  atmosphere,  of  the  sources  of  regular  and  irregular  variations 
of  the  earth’s  field  is  still  very  incomplete.  The  question  of  the 
existence,  permanent  or  otherwise  of  a  system  of  ring-currents 
round  the  earth  is  still  a  matter  for  discussion. 

It  has  been  said  that  the  sun  and  stars  provide  us  labora¬ 
tories  in  which  experiments  on  matter  are  carried  on  under 
conditions  of  temperatures  and  pressures  which  can  never  be 
realized  in  the  laboratory.  So  too  our  mother  Earth  provides 
us  a  magnet  of  stupendous  dimensions  with  which  various  experi¬ 
ments  on  matter  are  being  continuously  carried  on  and  it  is  for 
us  to  observe  and  collate  the  results  and  reason  on  them  so  as 
to  know  a  little  more  about  her  and  about  matter  in  general. 
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6.  Preliminary  Report  on  Airglow  Observations  at  5577  A  made 

at  Mt.  Abu  in  1957-1958 

by  B.  S.  Dandekar,  R.  V.  Bhonsle  and  K.  R.  Ramanathan 

Abstract— In  thie  report,  the  observations  on  airglow  intensities  at  5577  A  made  at  Mt. 

Abu  (24° -6  N)  towards  the  pole  in  the  first  half  of  1957  and  1958  are  summarized.  There 
are  significant  diurnal  and  seasonal  variations.  In  the  winter  months,  the  maximum  inten¬ 
sity  occurs  1  or  2  hr  before  midnight,  while  in  the  equinoctial  months  March-May,  the 
maximum  intensity  occurs  at  a  later  hour,  shortly  after  midnight,  and  its  value  is  also 
greater.  There  are  large  day-to-day  variations  of  intensity  in  all  the  months. 

Airglow  observations  on  5577  A,  5300  A,  6300  A  and  5893  A  using  RCA  and 
EMI  photomultipliers  and  interference  filters  transmitting  about  150  A  round  the 
specified  wavelengths  have  been  carried  out  at  Mt.  Abu  (24° -6  N)  since  the  end  of 
1956. 

The  present  report  deals  with  observations  on  5577  A  with  the  photometer 
directed  towards  the  pole.  The  angle  of  aperture  of  the  instrument  was  about  15°. 
The  d.c.  current  from  the  photomultiplier  was  amplified  and  recorded  on  a  recording 
milliammeter.  The  voltages  were  kept  constant,  and  the  readings  were  standardized 
daily  against  the  deflections  caused  by  a  radioactive  luminescent  source. 

•  Published  in  Planetary  and,  Space  Science  1,  57-62  (1959). 
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The  measurements  were  made  on  all  nights  on  which  the  sky  was  cloudless  or 
lightly- clouded  on  about  15  days  round  the  new  moon.  The  daily  curves  obtained 
in  February  and  May  1958  are  shown  as  samples  (Fig.  1).  It  will  be  seen  that  there 
are  large  variations  of  intensity  from  day-to-day  but  there  was  a  clear  tendency  for 
the  maximum  intensity  to  occur  1  or  2  hr  before  midnight  in  February  and  at,  or 
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Fig.  1.  Variation  of  airglow  intensity  (5577  A)  at  Mt.  Abu  on  different  nights  in  February 

1958  and  May  1958. 


slightly  after,  midnight  in  May.  The  day-to-day  and  diurnal  variations  of  5300  A 
were  much  smaller. 

The  mean  intensities  observed  in  the  months  January  to  May  1957  and  January 
to  June  1958  are  shown  in  Fig.  2.  Observations  could  not  be  obtained  in  the  monsoon 
months  owing  to  cloud  and  rain.  In  both  the  years,  the  mean  intensity  was  minimum 
in  January,  February  and  maximum  in  April,  May. 
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The  Abu  photometer  was  calibrated  against  Dr.  Roach’s  travelling  standard 
photometer  when  he  visited  India  in  May  1958  (Roach,  1958). 

All  the  readings  recorded  in  1957  and  1958  with  the  photometer  directed  towards 
the  pole  were  reduced  to  Rayleighs.  The  total  number  of  days  on  which  observa¬ 
tions  were  available  at  each  hour  of  the  night  in  January-February  1957  and  1958 

NIGHT  AIR  GLOW  MT  ABU 


Fig.  2.  Mean  airglow  intensities  (5577  A)  in  January-May  1957  and  January-June  1958 

towards  the  Pole  at  Mt.  Abu  (24°-fl  N). 

and  in  March-May  1957  and  1958,  and  also  the  highest  and  lowest  values  recorded 
at  each  hour  are  given  in  Table  1.  The  intensities  towards  the  zenith  will,  on  the 
average,  be  smaller  by  a  factor  of  2. 

To  bring  out  the  differences  in  the  intensities  of  the  airglow  (5577  A)  and  in  their 
diurnal  variations  in  the  months  January-February  and  in  March-May,  curves  are 
drawn  in  Fig.  3  showing  the  limiting  values  of  intensity  in  Rayleighs,  which  were 
exceeded  on  25  per  cent,  50  per  cent  and  75  per  cent  of  the  days  of  observation  at 
different  hours  of  the  night.  The  highest  and  lowest  values  recorded  at  each  hour 
are  also  marked  on  the  same  diagram.  It  is  clearly  seen  that  in  January-February, 
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Table  1.  Total  number  of  observations  in  January-February  and  in  March-May  1957  and  1958  and  the 
highest  and  lowest  values  of  intensity  (in  Rayleighs)  recorded  towards  the  pole 


Jan. -Feb. 
1957-1958 

Time  (hours)  75° 

EMT 

2000 

2100 

2200 

2300 

2400 

0100 

0200 

0300 

0400 

0500 

0600 

n 

20 

36 

39 

47 

47 

46 

46 

45 

43 

40 

26 

Max. 

796 

1110 

1470 

1270 

1199 

1176 

1033 

970 

980 

970 

915 

Min. 

310 

265 

215 

120 

176 

175 

225 

170 

170 

160 

125 

March-May 

1957-1958 

n 

17 

39 

56 

61 

61 

57 

54 

45 

42 

22 

0 

Max. 

1294 

1317 

1246 

1459 

1602 

1602 

1578 

1625 

1388 

1015 

— 

Min. 

300 

227 

292 

417 

464 

425 

410 

369 

265 

274 

— 

n  *•“  number  of  observations,  max.  — ■  highest,  value,  min.  —  lowest  value. 


the  mean  maximum  air  glow  intensity  (5577  A)  occurs  at  Mt.  Abu  about  1  or  2  hr 
before  midnight  and  decreases  thereafter  in  the  early  morning  hours,  reaching  a 
value  lower  than  in  the  early  hours  of  the  night,  while  in  March-May,  though  the 
values  at  sunset  start  at  about  the  same  level  as  in  January-February,  the  maximum 


AIRGLOW  5577A  AT  MOUNT  ABU 


JAN- FEB  1957  &  1958 


MAR-MAY  1957  &  1958 


Fig.  3.  Limiting  values  of  airglow  intensity  (5577  A)  towards  the  Pole  at  Mt.  Abu,  in  Ray¬ 
leighs,  which  were  exceeded  on  25,  50  and  75  per  cent  occasions  at  different  hours  of  the 
night  in  January-February  and  March-May  1957  and  1958. 
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value  is  higher  and  occurs  after  midnight.  The  subsequent  pre-dawn  value  is,  on  the 
average,  nearly  the  same  as  the  post-sunset  value. 

It  has  not  so  far  been  possible  to  detect  any  variation  of  airglow  intensity  (5577  A) 
with  magnetic  disturbances.  More  data  are  being  collected  and  are  being  subjected 
to  detailed  analysis. 

The  work  on  airglow  is  supported  by  the  Indian  Council  of  Scientific  and  In¬ 
dustrial  Research,  to  whom  the  writers’  thanks  are  due. 


Roach  F.  E. 


Reference 

1958  The  Inter -calibration  of  Airglow  Photometers. 

N.B.S.  Report  5591,  National  Bureau  of 
Standards,  Boulder,  U.S.A. 


868 


E.  IONOSPHERIC  PHYSICS 


The  Ionospheric  F2  Layer  over  India  in  Minimum 

Sunspot  Year  1953 

K.  R.  RAMANATHAN  and  K.  M.  KOTADIA 
Physical  Research  Laboratory,  Ahmedabad 
{Received  17  November  1954 ) 


1.  Introduction 

The  present  paper  is  a  summary  of  facts 
relating  to  the  F2  layer  in  the  ionosphere 
over  India  which  have  been  put  together 
by  the  authors  as  a  preliminary  to  more 
extended  studies  of  its  many  interesting 
features  which  are  found  in  low  latitudes. 
The  stimulus  for  this  work  came  from  the 
daily  contact  with  the  vertical  pulse  sounding 
records  which  are  obtained  at  Ahmedabad. 

With  assistance  from  the  Government 
of  India,  an  ionospheric  research  station 
was  established  at  the  Physical  Research 
Laboratory,  Ahmedabad  early  in  1953 
and  a  multi-frequency  automatic  ionospheric 
recorder  of  the  British  N.P.L.  type  was 
installed.  The  frequency  range  of  the 
equipment  is  06  to  25  Mc/s;  the  peak 
power  output  for  a  pulse-width  of  280  y  s 
varies  from  1720  watts  in  the  low  fre¬ 
quency  range  to  240  watts  in  the  highest 
frequencies.  Usually,  the  ionospheric 
sounding  is  done  with  a  pulse-width  of 
140  n  s.  The  pulse-repetition  frequency  is 
50  per  second  and  it  takes  nearly  5  minutes 
to  sweep  the  complete  range  of  frequencies. 
The  aerials  are  vertical  rhombics  and  the 
transmitter  and  receiver  have  each  two 
separate  aerials  for  the  low  and  high  fre¬ 
quency  ranges. 

Since  the  commencement  of  the  work  in 
February  1953,  hourly  values  of  /0Fa,  f0Fv 
foE%,  fA,  foE>  hpp 2,  h  F 2,  h  F 1,  h  E2, 

h'Ev  h'E  and  h'Es  have  been  regularly  tabu¬ 
lated.  The  monthly  median  values  obtained 
from  the  above  daily  data  are  published 
regularly  in  the  Indian  Journal  of  Scientific 


and  Industrial  Research.  We  first  give  a 
brief  summary  of  the  Ahmedabad  data  from 
the  year  1953,  and  then  compare  the  data 
of  other  Indian  stations.  The  All  India 
Radio  maintains  vertical  sounding  stations 
manually  operated,  at  Delhi,  Bombay, 
Madras  and  Tiruchy,  the  India  Meteorolo¬ 
gical  Department  maintains  a  recording  sta¬ 
tion  at  the  Solar  Physics  Observatory, 
Kodaikanal  and  there  is  also  a  recording 
station  at  Calcutta  in  the  Institute  of  Radio- 
Physics  and  Electronics.  Data  for  all  the 
24  hours  of  the  day  are  only  available  for 
Ahmedabad  and  Delhi.  The  data  of  Kodai¬ 
kanal  and  Calcutta  have  been  taken  from 
the  published  records,  while  the  data  relat¬ 
ing  to  the  All  India  Radio  stations  have  been 
obtained  through  the  courtesy  of  the  Chief 
Engineer  All  India  Radio. 

The  following  are  the  geographical  and 
geomagnetic  latitudes  of  the  stations 
(Fig.  1).  The  values  of  magnetic  dip  at 
the  stations  are  also  given.  The  hourly 
values  for  all  the  stations  except  Calcutta 
correspond  to  750  East  meridian  time. 


TABLE  1 


Station 

Geogra¬ 

phical 

Latitude 

North 

Geogra¬ 

phical 

Longi¬ 

tude 

East 

Geomag-  Magne- 
netic  tic 

Lati-  Dip(+) 
tude 

North 

Delhi 

28° -6 

71° -t 

M 

OO 

o 

00 

42° -4 

Ahmedabad 

o 

o 

CO 

M 

72° -6 

13°  -6 

34° -o 

Calcutta 

22° -5 

88°-3 

12° -0 

32°-o 

Bombay 

i9°-o 

73°' 0 

9°*5 

240 -8 

Madras 

I3°'0 

N 

o 

O 

00 

3°-i 

io°- 5 

Tiruchy 

io°-  8 

oo 

o 

00 

u- 

i°-3 

4°-  8 

Kodaikanal 

10° -2 

77°  •  5 

0°-6 

3°-5 
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Fig.  i.  Map  showing  locations  of  Ionospheric 
Stations  in  India  equipped  for  vertical 
sounding 


1953  was  a  minimum  sunspot  year  and  the 
relative  sunspot  numbers  for  each  month 
are  given  in  Table  2. 

TABLE  2 

Relative  Sunspot  numbers  in  1953 


Month 

Sunspot 

number 

Month 

Sunspot 

number 

Jan 

28 

Jul 

8 

Feb 

4 

Aug 

15 

Mar 

7 

Sep 

10 

Apr 

30 

Oct 

4 

May 

16 

Nov 

2 

Tun 

17 

Mean 

Dec 

12 

I 

The  median  values 

of  f0F2 

and  hvF2 

(height  of 

reflection  at 

0-834 

/o-F2)  for 

February, 

April,  July  and  October  of  1953 

for  all  the  stations  except  Calcutta  are 
plotted  in  Figs.  2  to  5.  The  data  of  Calcutta 
have  not  been  included  in  the  figure,  because 
its  latitude  is  nearly  the  same  as  that  of 
Ahmedabad. 


2.  Main  features  of /0F2  curves 

The  following  points  are  of  interest  re¬ 
garding  the  /0F2  curves — 

(1)  The  daily  variation  curves  of  critical 
frequencies  are  of  the  same  general  pattern 
as  those  shown  in  other  longitudes,  but 
there  are  differences  in  detail.  At  Kodai- 
kanal,  Tiruchy  and  Madras,  there  is  a  double 
peak  in  critical  frequency  with  the  evening 
peak  at  16  to  18  hr  more  pronounced  than 
the  morning  one  in  all  the  months.  The 
accentuation  of  the  evening  peak  is  stronger 
in  the  equinoctial  months. 

(2)  As  we  go  northward  from  the  geo¬ 
magnetic  equator,  the  highest  frequencies 
are  recorded  at  a  latitude  near  that  of  Ah¬ 
medabad  or  Calcutta.  The  peaks  are  lower 
and  occur  earlier  in  the  day  in  more 
northern  latitudes. 

(3)  There  is  a  well-marked  fall  in  the 
critical  frequency  at  low  latitudes  between  8 
and  11  hrs.  This  phenomenon  is  noticeable 
at  higher  latitudes  by  a  decrease  in  the 
slope  of  the  ascending  part  of  the  curve. 

(4)  The  rate  of  fall  of  the  critical  fre¬ 
quency  following  the  afternoon  or  evening 
maximum  is  slower  in  low  latitudes, 
so  that  the  night  critical  frequencies  are 
markedly  higher  in  those  regions  in  the 
first  half  of  the  night. 

The  daily  variation  curves  of  f0F2  at 
Calcutta  and  Ahmedabad  were  similar,  the 
only  important  difference  being  that  in 
April  and  October,  the  Ahmedabad  curves 
were  little  higher  in  the  afternoon  hours. 

3-  hpF 2  curves 

There  are  corresponding  differences  in 
the  conventional  height  of  maximum  elec¬ 
tron  density  (virtual  height  at  which  a 
frequency  equal  to  0.834 /0F2  is  reflected). 
The  virtual  heights  are  surprisingly  high  at 
Madras  and  Tiruchy  and  it  appears  that  the 
heights  at  Kodaikanal  would  be  even  higher. 
The  rise  in -height  at  low  geomagnetic  lati¬ 
tudes  takes  place  rapidly  after  sunrise  and 
the  height  tends  to  reach  a  maximum 
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FEB.  1953  APR.  1953 


Fig.  2  Fig.  3 

Daily  variation  of  hpF2  and /0F2  at  different  places 

(A — Ahmedabad  •,  B — Bombay  ;  D — Dellii  ;  K — Kodaikanal;  M— .Madras;  T~Tiruchirapalli) 
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75°E  MER.  TIME,  HR. 


75°E  MER  TIME.  HR. 


Fig.  4  Fig.  5 

Daily  variation  of  hpF  2  and  f0F2  at  different  places 

(A — Ahmedabad  ;  B — Bombay  ;  D — Delhi;  K — Kodaikanal;  M — Madras;  T — Tiruchirapalli) 
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Fig.  6  (a).  Monthly  mean  values  of  /0F2  at 
noon  (75 °E)  at  different  geo¬ 
magnetic  latitudes 


Fig.  6  (b).  Monthly  mean  values  of f0F2 
(10-18  hrs  ;  750  E.M.T.)  at  different 
geomagnetic  latitudes 


(II— February  ;  IV— April  ;  VII— July  ;  X— October  1953) 


at  12  to  14  hrs.  At  stations  north 
of  Bombay,  the  morning  rise  of  height 
takes  place  much  more  slowly.  It  is  curious 
to  note  that  while  the  Ahmedabad  hvFz 
curve  lies  fairly  evenly  between  the  Delhi 
and  Bombay  curves  in  the  morning  hours, 
in  the  afternoon  hours,  the  Ahmedabad 
curve  tends  to  follow  the  Delhi  curve  while 
the  Bombay  curve  approaches  the  Madras 
curve.  This  is  particularly  well  seen  in  the 
months  April  and  October. 

4.  Variation  of  noon/0Fa  with  latitude 

As  was  first  pointed  out  by  Appleton, 
the  noon,  values  of  f0Fz  when  plotted 
against  the  geographical  latitude  are 
rather  scattered,  but  when  plotted  against 
geomagnetic  or  magnetic  latitude,  give 
a  much  smoother  curve  showing  a  depres¬ 
sion  at  the  geomagnetic  equator  and  a  peak 
at  about  150  geomagnetic  latitude.  The 
analysis  of  the  Indian  data  shows  that  in 
a  minimum  sunspot  year,  the  highest  values 
of  noon  frequency  are  found  at  a  geomagnetic 
latitude  io°  to  150  N  (Fig.  6a).  If  instead 
of  noon  frequencies,  we  consider  the  mean 
frequencies  in  the  whole  of  the  period 


10  to  18  hrs.  the  curves  are  even  smoother 
(Fig.  6b)  and  the  maximum  values  are  found 
to  occur  at  120  to  130  N  geomagnetic  latitude. 

5.  Seasonal  variation  of  hp  F2  (noon  values), 

and/0F2  (afternoon  values  12  to  17  hrs) 

It  has  already  been  mentioned  that  the 
virtual  heights  of  Fz  are  extremely  high 
at  Tiruchy  and  Madras.  In  Fig.  7(a) 
are  shown  the  mean  monthly  noon  virtual 
heights,  hPFz  at  all  the  Indian  stations. 
There  is  a  steady  increase  of  height  with 
approach  to  the  magnetic  equator  in  all  the 
months.  The  heights  are  nearest  each 
other  in  the  summer  months  June  to  August. 
The  values  of  hvFz  for  Kodaikanal  are  not 
available,  but  they  are  not  likely  to  be 
significantly  different  from  those  at  Tiru- 
chirapalli.  In  Fig.  7(b),  the  values  of  hpFz 
at  Tiruchirapalli  and  of  h'Fz  at  Kodaikanal 
are  plotted  together.  The  difference  in 
ordinate  gives  an  idea  of  the  thickness  of  the 
F2  layer  ;  it  varies  from  100  km  to  170  km. 

In  Fig.  8,  the  mean  monthly  afternoon 
values  of  f0Fz  are  shown  at  each  of  the 
stations,  Delhi,  Ahmedabad,  Bombay 
and  Madras.  The  amplitude  of  annual 
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MONTHS 


Fig.  7  (a).  Seasonal  variation  of  noon 
hpFa  at  different  places  (The 
geomagnetic  latitude^  varies 
from  i°-3N  to  i8°-8Nj  in  1953 


Fig.  7  (b).  Seasonal  variation  of  noon  h'F%  at 
Kodaikanal  (0=o°6N)  and  noon 
hpF2  at  Tiruchirapalli  (®  =  i°.3N) 
in  1953 


MAXIMUM  SUNSPOT  YEAR0947)  MINIMUM  SUNSPOT  YEAR(I955) 

R:  RELATIVE  SUNS  POT  NU K3fR9  :  MONTHLY  MEAN  Fa  CRITICAL 

FREQUENCY  (12-17HRSJ 

Fig.  8.  Annual  variation  of  F2  critical  frequency  in  afternoon  hours,  for  maximum  and 
minimum  sunspot  year 


(O — Ahmedabad  ;  A — Bombay  ;  x — Delhi  ;  9 — Madras) 


variation  is  quite  large  and  amounts  to  near¬ 
ly  4  Mc/s  at  Delhi  and  Ahmedabad  in  1953. 
For  comparison,  the  corresponding  values 
of  f0Fg  for  a  maximum  sunspot  year  (1947) 


are  also  shown  in  the  same  diagram.  While 
the  critical  frequencies  are  higher, 
the  annual  variation  is  smaller  in  the 
year  of  higher  sunspot  number. 
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Effect  of  Electron-Ion  Collisions  in  the  F  Region  of  the  Ionosphere 
on  the  Absorption  of  Cosmic  Radio  Noise  at  25  Mc/s  at  Ahmedabad 

Changes  in  Absorption  Associated  with  Magnetic  Storms 

K.  R.  Ramanathan,  R.  V.  Bhonsle  and  S.  S.  Degaonkar 
Physical  Research  Laboratory,  Ahmedabad-9  India 

Abstract.  Measurements  of  cosmic  radio  noise  at  25  Mc/s,  being  made  at  the  Physical  Re¬ 
search  Laboratory,  Ahmedabad,  since  March  1957,  have  shown  much  larger  values  of  absorp¬ 
tion  than  those  observed  by  Shain  and  Mitra  in  Australia.  This  fact,  together  with  the  empiri¬ 
cally  known  dependence  of  the  absorption  on  the  critical  frequency  of  the  F  region,  and  the 
effect  of  magnetic  storms  on  the  absorption  found  from  the  Ahmedabad  observations  have  led 
us  to  examine  the  different  possible  parameters  that  may  affect  cosmic-noise  absorption.  It  is 
found  that  electron-ion  collisions  in  the  F  region  both  below  and  above  the  level  of  maximum 
electron  density  contribute  in  a  substantial  way  to  the  absorption  of  cosmic  radio  noise.  The 
values  of  hourly  absorption  due  to  collisions  of  electrons  with  neutral  particles  and  with  ions 
have  been  calculated  for  a  period  of  6  days  in  August-September  1957,  when  there  were  three 
magnetic  storms.  The  results  obtained  show  a  depletion  of  electrons  above  F  maximum  on  the 
day  following  the  commencement  of  the  magnetic  storm  and  a  refilling  on  later  days.  The  re¬ 
sults  are  discussed  in  relation  to  findings  from  satellite  observations  about  particle  fluxes  in  the 
Van  Allen  belts  during  magnetic  storms. 


Introduction.  The  cosmic-radio-noise  method 
of  measuring  ionospheric  absorption  was  used 
by  Mitra  and  Shain  [1953]  in  Australia  at  18.3 
Mc/s  and  by  Bhonsle  and  Ramanathan  [1958] 
at  Ahmedabad  at  25  Mc/s.  Mitra  and  Shain 
showed  that  the  total  ionospheric  attenuation 
could  be  divided  into  two  parts,  one  of  which 
they  attributed  to  absorption  in  the  D  region  of 
the  ionosphere  and  the  other  mainly  to  absorp¬ 
tion  in  the  F  region.  Applying  Mitra  and  Shain’s 
method  of  analysis  to  the  Ahmedabad  observa¬ 
tions,  it  was  noticed  that,  although  the  operating 
frequency  of  25  Mc/s  was  higher  than  that  used 
in  Australia,  the  magnitude  of  the  total  attenua¬ 
tion  observed  at  Ahmedabad  during  the  period 
1957  to  1959  was  much  higher  than  that  observed 
in  Australia  (in  1950) .  This  high  value  of  attenua¬ 
tion  at  Ahmedabad  was  partly  expected,  since 
Ahmedabad  is  situated  near  the  latitude  of  the 
peak  of  F2  ionization.  Examination  of  the  mean 
diurnal  and  seasonal  variations  of  total  attenua¬ 
tion  at  Ahmedabad  showed  the  following  fea¬ 
tures: 

1.  The  monthly  mean  diurnal  curves  of  the 
total  attenuation  exhibited  either  one  or 
two  humps, 

2.  The  first  hump  occurred  in  most  of  the 
months  between  14  and  16  hours  local 
time, 


3.  Whenever  the  second  hump  occurred,  it 
did  so  in  the  early  part  of  the  night.  It 
was  most  frequent  in  equinoxes  and  some 
winters. 

On  examining  the  Ahmedabad  data,  it  was 
believed  that  it  would  be  better  to  divide  the 
total  attenuation  into  a  daytime  component 
‘symmetrical’  about  noon,  and  a  residual  ‘non- 
symmetrical’  component  without  any  implied 
commitment  regarding  the  region  of  the  iono¬ 
sphere  in  which  the  absorption  might  originate. 
Unambiguous  correlation  of  the  nonsymmetri- 
cal  component  with  the  critical  frequency  f0F2 
of  the  F2  layer  showed  that  its  major  part  origi¬ 
nated  in  the  F  region,  although  there  might 
be  residual  effects  originating  well  above  the 
level  of  maximum  electron  density. 

Bhonsle  [1960]  extended  the  analysis  to  cover 
the  Ahmedabad  data  for  the  whole  period  of 
the  IGY  and  IGC,  and  confirmed  the  trends  of 
diurnal  and  seasonal  variations  of  the  total  at¬ 
tenuation  described  above.  The  monthly  mean 
values  of  the  total  attenuation  exhibited  maxima 
in  equinoxes  and  minima  in  summer  and  win¬ 
ter.  This  feature  was  repeated  from  year  to 
year.  The  seasonal  variations  of  the  monthly 
mean  values  of  f„F2  were  also  similar,  and 
analysis  showed  a  close  relationship  between 
them.  Figure  1  gives  a  mass  plot  of  the  mean 
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Fig.  1.  Cosmic-noise  absorption  against  f0F2  at  Ahmedabad  and  Hawaii. 


hourly  values  of  cosmic-noise  absorption  at  25 
Mc/s  at  Ahmedabad  in  each  month  of  1958  and 
1959.  The  mean  curve  is  also  drawn  with  loga¬ 
rithmic  scales  on  the  left-hand  top  corner  of 
Figure  1.  It  is  interesting  to  note  that  there  is 
an  approximately  linear  relationship  between 
log  jaF2  and  the  logarithm  of  attenuation,  when 
f0F2  is  greater  than  8  Mc/s.  Under  this  condi¬ 
tion,  the  attenuation  can  be  expressed  in  the 
form 

Attenuation1  =  K  +  \(f0F2  —  8)3  4 

1  The  significance  of  X  and  of  the  exponent  3.4 
is  discussed  in  the  Appendix.  The  mean  curves  of 
attenuation  at  18  Mc/s  as  observed  by  Steiger  and 
Warwick  [1961]  at  Hawaii  and  as  calculated  from 
t he  Ahmedabad  curve  for  25  Mc/s  assuming  an 
inverse  square  relationship  with  f0F2  are  also  drawn 
in  the  same  figure. 


In  a  study  of  the  effect  of  magnetic  storms  on 
the  total  attenuation  of  cosmic  noise,  Bhonsle 
and  Ramanathan  [1960]  found  that  the  total 
attenuation  became  abnormally  low  on  the  first 
2  days  after  the  sudden  commencement  of  the 
storm  but  increased  to  values  above  normal  on 
the  third  day  after  the  commencement.  The  ob¬ 
served  changes  in  attenuation  associated  with 
magnetic  storms  were  tentatively  explained  as 
being  due  to  changes  in  f„F2  and  in  F  scatter. 

Many  years  ago,  Cowling  [1945]  showed  that 
when  an  electron  moves  through  an  atmosphere 
containing  uncharged  atoms  and  molecules  and 
comparatively  fewer  ions,  the  effective  cross 
section  for  collision  between  an  electron  and  an 
ion  is  much  larger  than  that  for  a  collision  be¬ 
tween  an  electron  and  a  neutral  particle.  In 
calculating  the  collision  frequencies  of  electrons 
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in  the  ionosphere,  we  have  to  take  into  account 
not  only  collisions  between  electrons  and  neu¬ 
tral  particles  but  also  collisions  of  electrons  with 
positive  ions.  Whereas  in  the  D  and  E  regions 
of  the  ionosphere  the  former  predominates,  the 
situation  is  reversed  in  the  F  region.  The  elec¬ 
tron-ion  collisions  in  the  higher  regions  of  the 
ionosphere  become  particularly  important  in 
latitudes  where  the  maximum  electron  densities 
are  high. 

In  this  paper,  we  first  calculate  the  collision 
frequencies  of  electrons  at  different  levels  in 
the  atmosphere  up  to  the  level  of  maximum 
electron  density  at  each  hour  of  a  period  of  6 
days  from  August  31  to  September  5,  1957.  In 
making  this  calculation,  the  collisions  of  elec¬ 
trons  with  neutral  atoms  or  molecules  and  with 
positive  ions  are  both  considered.  The  tables 
of  Yonezawa  [1900]  and  of  Nicolet  [1959]  have 
been  used  for  the  physical  properties  of  the  up¬ 
per  atmosphere.  Electron  densities  at  different 
levels  over  Ahmedabad  have  been  calculated 
from  the  ionospheric  vertical-sounding  records. 
For  levels  above  hmaxFa,  two  extreme  models 
of  electron  distribution,  one  as  given  by  Al’pert, 
Dobrialcova,  Chudensenko,  and  Shaproi  [1058], 
and  the  other  by  Kazantsev  [1959],  have  been 
used  (See  also  ( Harriott  [I960]). 

Calculation  of  absorption  in  different  regions. 
Following  Chapman  and  Little  [1957],  the 
nondeviative  absorption  of  radio  waves  of  high 
frequency  /  Mc/s  in  the  vertical  direction  can 
be  written  in  the  form 

D  =  A//2  (1) 

where  D  is  the  absorption  in  decibels  and 

rH 

A  =  1.17  X  10“14  X  N.vdh  •••,•••,  ••• 
Jo 

(2) 

Here 

N„  =  the  number  of  electrons  per  cc. 

v  —  the  collision  frequency  of  electrons 
(number  of  collisions  per  second). 

dh  =  an  element  of  path  length  along  the 
vertical. 

H  =  the  maximum  height  to  which  integra¬ 
tion  is  taken. 

In  equation  1,  the  longitudinal  component  of 
gyromagnetic  frequency  fL  is  neglected  in  com¬ 
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parison  with  /,  and  v  in  comparison  with  6  it  X 

109. 

For  the  collision  frequency  of  electrons  with 
neutral  atoms  and  molecules  in  the  atmosphere, 
Nicolet  [1959]  has  given  the  formula 

=  5.4  X  10 ~10NmT1/2  (3) 

where  vem  is  the  frequency  of  collision  of  elec¬ 
trons  with  neutral  particles,  and  Nm  is  the 
total  number  density  of  neutral  particles 
(N.,0,,0,  etc.),  and  T  is  the  temperature  of 
the  atmosphere  in  degrees  Kelvin. 

Cowling's  expression  for  the  frequency  of  col¬ 
lision  of  electrons  with  positive  ions  as  revised 
by  Nicolet  [1959]  is 

v,i  =  (34  +  4.18 

■\og(Ta/N,))N</Tm  ...........  (4) 

If  we  assume  that  in  the  ionosphere  most  of 
the  positively  charged  particles  are  singly 
ionized, 

N<  «  N, 

Table  1 

Sample  table  showing  the  variation  N„,  N„,  vrmi 
v,i,  and  N, v  with  true  height  at  15  hours  on 
September  7,  1957,  at  Ahmedabad.  Following 
Chapman,  the  notation  2.28  is  used  to  denote 
2.2  X  10". 
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Fig.  2.  N,v  against  height  over  Ahmedabad  at  different  hours  on  September  1  and  3,  1957. 


For  the  same  electron  density,  the  collision  fre¬ 
quency  decreases  with  increase  of  temperature. 

To  calculate  A  in  equation  2,  v  should  be 
taken  to  be  the  sum  of  vem  and  vei.  The  collision 
cross  section  of  an  electron  with  a  positive  ion  is 
much  larger  than  that  with  a  neutral  atom  or 
molecule.  So,  while  in  the  D  and  E  regions  of 
the  ionosphere,  vem  is  more  important  than  vei, 
in  the  F  region  and  above,  with  decreasing  neutral 
particle  density  and  increasing  electron  density, 
Vei  becomes  more  important.  During  daytime, 
vei  becomes  equal  to  vem  at  about  170  km. 

The  values  of  Nc  for  zenith  sun  at  levels 
below  90  km  were  taken  from  Nicolet  and  Aikin 
[1960]  corresponding  to  disturbed  solar  condi¬ 
tions.  Between  90  and  120  km,  they  were 
interpolated  from  the  values  at  90  and  120  km. 
Above  120  km  to  the  level  of  maximum  electron 
density  in  Fi  the  electron  densities  were  calcu¬ 
lated  for  true  heights  from  the  ionospheric 
sounding  records  using  Schmerling’s  coefficients. 
For  still  higher  levels,  the  values  of  electron 
density  were  estimated  on  2  days  according  to 
two  extreme  models,  one  given  by  Al’pert  and 


others  and  the  other  by  Kazantsev.  Both  these 
were  based  on  observations  of  radio  waves 
received  from  satellites.  From  these  and  the 
number  densities  of  particles  at  different  levels 
as  given  by  Nicolet  (up  to  120  km)  and  by 
Yonezawa  (120  to  420  km),  the  values  of  vem 
Vei  and  Nev  were  calculated.  For  levels  above 
500  km,  a  uniform  temperature  of  1580°K  was 
assumed  for  calculating  vei.  The  manner  in 
which  vem  and  vei  vary  with  height  is  shown  in 
sample  Table  1,  and  the  variation  of  Nev  with 
height  in  Figure  2.  The  different  curves  relate 
to  3,  8,  12,  15,  and  20  hours  on  September  1 
and  3,  1957,  over  Ahmedabad.  The  absorptions 
due  to  electron-neutral  particle  collisions  and 
electron-ion  collisions  were  separately  calculated. 
The  product  Nevem  attains  a  maximum  value  at 
about  85  km  and  falls  off  with  increasing  height 
with  a  small  secondary  maximum  at  120  km. 
Above  240  km,  only  electron-ion  collisions  are 
important.  The  absorption  is  maximum  near  the 
level  of  maximum  ionization  of  the  F  region. 

Numerical  integration  of  Nevdh  was  carried 
out  by  dividing  the  ionosphere  into  5-km  inter- 
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Fig.  3.  Observed  and  calculated  values  of  cosmic-noise  absorption  at  25  Mc/s  and  f0F2  at 
Ahmedabad  for  the  period  August  30  to  September  6,  1957.  OBS,  observed  cosmic-radio-noise 
absorption  at  25  Mc/s  at  Ahmedabad;  CAL,  calculated  cosmic-radio-noise  absorption  at  25 
Mc/s  from  N,  (h)  profiles  at  Ahmedabad;  f0Fi,  F2  critical  frequency  for  ordinary  waves. 


vals  between  65  and  120  km,  20-km  intervals 
between  120  km  to  hmF2,  and  50-km  intervals 
between  hmF2  and  1000  km.  The  calculated 
absorption  in  the  region  65  to  120  km  was  about 
0.8  db  for  zenith  sun.  Absorptions  in  this  region 
for  other  values  of  solar  zenith  angles  were 
calculated  on  the  assumption  that  it  obeys  a 
cos"  f  law,  where  n  =  0.75.  Also  for  this  region, 
the  same  average  electron-density  distributions 
depending  on  local  time  were  assumed  for  all 
the  days  under  investigation. 

Comparison  of  observed  values  of  total  at¬ 
tenuation  and  calculated  values  of  absorption 
below  hmF.  The  total  ionospheric  attenuations 
measured  with  cosmic  radio  noise  on  25  Mc/s  at 
Ahmedabad  for  the  period  August  30  to  Septem¬ 
ber  6,  1957,  are  plotted  in  Figure  3.  The  cal¬ 
culated  values  of  ionospheric  absorption  below 
hmF  and  the  values  of  f0F2  are  also  plotted  in 
the  same  figure  for  comparison.  There  occurred 
three  SC-type  magnetic  storms  during  this 
period.  Their  times  of  commencement  are 
marked  in  the  figure.  The  measured  total  at¬ 
tenuations  exhibit  a  diurnal  variation  with  large 
day-to-day  changes.  The  calculated  absorptions 
for  the  region  below  hmF  show  a  maxima  of  2 


to  3  db  between  13  to  16  hours  local  time  on 
all  these  days,  and  smaller  values  of  absorption 
in  the  morning  and  evening  hours.  The  measured 
total  attenuations  are  always  higher  than  the 
corresponding  calculated  values  of  absorption 
for  the  region  below  hmF2.  No  doubt  this  is 
largely  due  to  the  contribution  to  absorption 
from  regions  above  F2  peak. 

In  Figure  4  are  plotted  for  September  1, 
1957,  in  addition  to  the  measured  and  calcu¬ 
lated  absorptions  below  hmF2,  the  calculated 
hourly  absorptions  up  to  1000  km,  A  (A),  and 
A  (K),  assuming  Al'pert’s  and  Kazantsev’s 
models  of  electron-density  distribution  above 
N,nnxF.  On  this  day,  absorptions  calculated  on 
Al’pert’s  model  A  (A)  were  generally  in  good 
agreement  with  observation,  though  there  is 
some  disagreement  between  the  observed  and 
calculated  curves  in  the  evening  hours.  Kazant¬ 
sev’s  model  gave  too  small  values.  On  Septem¬ 
ber  3,  1957,  a  day  on  which  the  measured  at¬ 
tenuation  was  abnormally  low,  the  absorptions 
calculated  on  Kazantsev’s  model  gave  a  reason¬ 
able  fit,  but  there  was  some  discrepancy  in  the 
evening  hours.  The  results  can  be  interpreted  to 
mean  that  the  total  number  of  electrons  over 
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Fig.  4.  Observed  and  calculated  absorptions  on  September  1  and  3, 1957.  A(OBS),  observed  cos¬ 
mic-noise-absorption  on  25  Mc/s  at  Ahmedabad;  A(CAL),  calculated  cosmic-noise-absorption 
in  the  region  65  km  to  hm  F»\  A (20 CAL,  calculated  cosmic-noise-absorption  from  65-1000  km 
using  Kazantsev’s  model  of  electron-density  distribution  above  hmF  \  A  (A)  CAL,  calculated 
cosmic-noise-absorption  from  65-1000  km  using  Al’pert’s  model  of  electron-density  distribution 
above  hmF. 


unit  area  above  NmaxF  was  much  less  on  August 
3,  1957,  than  on  September  1,  1957. 

The  hourly  differences  between  the  observed 
total  attenuations  and  the  corresponding  cal¬ 
culated  values  of  absorption  below  hmF  on  8 
days  from  August  30  through  September  6, 
1957,  are  plotted  in  Figure  5.  This  difference 
gives  us  an  estimate  of  absorption  occurring  in 
the  region  above  hmF .  It  appears  that  (1)  large 
day-to-day  changes  in  absorption  occur  above 
hmF  in  magnetically  disturbed  periods;  (2)  the 
absorption  above  hmF  is  very  much  reduced  on 
the  second  day  after  the  commencement  of  a 
magnetic  storm;  and  (3)  on  the  following  day 
the  absorption  rises  up  above  its  prestorm  value. 

The  evidence  is  strong  that  the  total  number 
of  electrons  in  the  atmosphere  above  hmFs  is 


largely  depleted  in  the  closing  phase  of  a  mag¬ 
netic  storm,  and  that  it  is  more  than  restored 
at  the  end  of  the  storm. 

Discussion.  In  the  above  calculations  of  ab¬ 
sorption,  only  the  nondeviative  part  of  absorp¬ 
tion  due  to  electron  collisions  has  been  taken 
into  account.  Deviative  absorption  and  limita¬ 
tion  of  aerial  aperture  can  also  cause  attenua¬ 
tion.  Both  these  depend  on  the  nearness  of  the 
exploring  frequency  (25  Mc/s)  to  the  critical 
frequency  of  the  F2  layer.  Since  the  maximum 
critical  frequency  over  Ahmedabad  rarely  ex¬ 
ceeds  18  to  19  Mc/s,  and  since  the  angular 
aperture  of  the  aerial  was  limited  to  40°  X  30° 
in  the  vertical,  it  can  be  shown  that  the  effect 
of  these  two  can  be  neglected.  It  has  been 
pointed  out  [ Ramanathan  and  Bhonsle,  1959] 
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Fig.  5.  Difference  between  observed  cosmic-radio-noise  absorption  on  25  Mc/s  and  the  ab¬ 
sorption  calculated  for  the  region  below  hmF  from  Ne  (h)  profiles  at  Ahmedabad  for  the  period 
August  30  to  September  6,  1957. 


that  F  scatter  may  cause  an  increase  in  the 
attenuation.  Examination  of  day-to-day  records 
shows,  however,  that  F  scatter  can  cause  either 
an  enhancement  or  a  reduction  in  the  intensity 
of  cosmic  noise,  depending  on  the  sidereal  time 
and  the  phase  of  the  daily  variation  of  intensity. 
This  question  is  under  further  examination  and 
the  results  will  be  reported  separately. 

Figures  3  and  4  show  an  additional  diurnal 
increase  in  absorption  in  the  late  evening  hours 
after  sunset.  This  may  be  due  to  the  following 
causes:  (1).  the  distribution  of  electron  density 
with  height  above  F2  peak  may  vary  with  the 
time  of  the  day.  It  is  probable  that  at  the  time 
when  f0F2  has  begun  to  decrease  in  the  eve¬ 
ning  after  reaching  its  peak,  there  is  a  delay  in 
the  decrease  of  electron  density  at  levels  above 
the  F i  peak,  and  (2)  there  may  be  a  marked 
diurnal  variation  of  temperature  above  300  km 
in  the  region  where  electron-ion  collisions  con¬ 
tribute  toward  the  attenuation  of  cosmic  radio 
noise.  In  fact,  there  is  evidence  from  rocket  and 
satellite  data  for  both  these.  Nisbet  [1960],  in  a 


paper  on  electron-density  distribution  in  the 
upper  ionosphere,  has  collected  together  the 
available  rocket  and  satellite  data.  They  indi¬ 
cate  that  above  f0F2  peak  high  electron  densi¬ 
ties  continue  to  persist  in  the  late  evening  hours 
and  that  they  decrease  with  height  much  more 
rapidly  in  the  second  half  of  the  night  and  in 
the  morning.  Ross  [1960]  has  shown  from  the 
Doppler  frequency  measurements  of  satellite 
195882  that  on  the  average,  there  is  a  steady  in¬ 
crease  in  total  electron  content  between  the  F2 
peak  and  the  satellite  (height  approximately  950 
km)  from  sunrise  to  sunset,  even  though  the  elec¬ 
tron  content  below  hmixF  had  begun  to  show  a  de¬ 
crease  by  sunset.  From  the  data  of  deceleration 
of  satellites  as  analyzed  by  Jacchia,  Martin,  and 
Priester,  and  others,  Nicolet  [1960]  concludes 
that  between  300  and  800  km  there  is  probably 
a  cooling  during  the  night  of  the  order  of  500°K. 
Since  ve  is  proportional  to  T "3/2,  a  cooling  of  the 
upper  part  of  the  ionosphere  of  this  order  will 
cause  an  increase  in  the  collision  frequency  of 
electrons  in  the  ratio  of  1.5  to  1.6  if  the  elec- 
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Fig.  6.  Particle  fluxes  in  Van  Allen  radiation  belts  on  August  16,  17,  and  18,  1959  (observa¬ 
tions  with  Geiger  counter  and  ion  chamber  in  Explorer  VI,  after  Arnoldy,  Hoffman,  and  Winck- 
ler). 


tron  density  remains  the  same.  Thus  it  appears 
that  the  post-sunset  increase  in  radio  noise  ab¬ 
sorption  is  due  to  the  combined  effect  of  a  de¬ 
crease  in  the  temperature  of  the  outer  iono¬ 
sphere,  together  with  a  lag  in  the  rate  of  attach¬ 
ment  of  electrons  with  increasing  height. 

The  effect  of  F  scatter  on  the  attenuation  is 
quite  considerable  on  some  nights  and  will  be 
dealt  with  separately.  • 

It  is  interesting  to  compare  these  changes  in 
cosmic  noise  absorption  during  and  after  mag¬ 
netic  storms  with  the  changes  in  particle  fluxes 
that  have  recently  been  observed  in  Van  Allen 
belts  during  such  storms.  Figure  6  shows  the 
observations  made  by  Arnoldy,  Hoffman,  and 
Winckler  [1960]  during  a  magnetic  storm  that 
commenced  at  0414  UT  on  August  16,  1959, 
with  instruments  carried  in  Explorer  VI.  The 
observations  cover  a  period  of  3  days,  and  the 
figure  shows  the  counts  per  second  recorded  by 
an  ion  chamber  and  a  Geiger  counter  carried  in 
the  satellite.  The  counts  of  the  ion  chamber  are 
shown  by  thick  lines  and  those  of  the  Geiger 


counter  by  thin  fines.  The  remarkable  feature 
brought  out  by  the  diagram  is  that  on  the  second 
day  of  the  storm,  there  was  a  large  decrease  of 
radiation  in  the  outer  Van  Allen  belt,  and  this 
recovered  to  more  than  its  prestorm  value  on 
the  third  day  (August  18) .  The  changes  in  the 
harder  radiation  recorded  by  the  Geiger  counter 
are  comparatively  smaller,  though  they  are  in 
the  same  direction.  Considering  the  similarity 
between  the  changes  in  cosmic-radio-noise  ab¬ 
sorption  and  the  flux  of  energetic  particles  in  the 
Van  Allen  belts,  it  appears  that  during  mag¬ 
netic  storms  there  is  a  large  decrease  in  the 
number  of  electrons  even  in  the  outer  ionosphere 
in  low  and  middle  latitudes  during  the  main 
phase  of  a  magnetic  storm,  and  that  at  the  end 
of  the  storm  the  outer  region  gets  refilled  with 
electrons.  There  are  now  quite  a  few  examples 
of  satellite  observations  that  bear  out  this  gen¬ 
eral  conclusion.  Whereas  the  particle  counters 
carried  in  satellites  measure  only  energetic  par¬ 
ticles  with  energies  above  certain  limits,  the  cos¬ 
mic-radio-noise  absorption  indicates  changes  in 
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the  total  number  of  electrons  including  slow  may  be  expected  to  Vary  as  some  power  of  fbFi 
electrons.  Vvhete  the  exponent  is  a  little  smaller  than  4. 
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Appendix 

According  to  equation  2, 


A 


=  1.17  X  1(T14 


Nev  dh 


In  the  F  layer,  vim  can  be  neglected  in  com¬ 
parison  with  vH,  and 


p.<  =  (34  +  4.18  log  T3/Ne)N./T 3/2 
Now 


N .  =  1.24  X  10 4/2 

where  /  is  the  plasma  frequency  in  megacycles 
per  second,  and 

Neuei  -  (34  +  4.18  log  Ta/Ne)N*/Tm 

=  1.54  X  108(34  -f  4.18  log  T3/ N  jf/T3'* 

In  the  region  between  300  and  1000  km,  the 
factor  under  brackets  can  vary  from  44  to  50. 
At  the  level  of  maximum  electron  density 
/  —  /„F„  and  since  for  some  distance  both  above 
and  below  that  level  the  plasma  frequency  may 
be  expected  to  vary  with  /0F2,  and  since  according 
to  our  present  understanding  of  temperatures 
above  the  F2  peak,  the  temperature  increases 
with  height  or  remains  steady  at  a  higher  value 
than  at  hmF2, 

a  1000  km 

1  Nevei  dh 

•1300  km 
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Effect  of  geomagnetic  disturbances 
on  F2  layer  of  the  ionosphere 
in  low  and  middle  latitudes 


K.  M.  KOTADIA* 
K.  R.  RAMANATHAN 

Physical  Research  Laboratory 
Ahmedabad 


A  statistical  study  of  F2  layer  data  over  a  period  of  five  years  from 
sunspot  minimum  (1953)  to  sunspot  maximum  (1957)  has  been  made 
to  find  SD  and  Dst  variations  of  f0F2  in  low  latitudes  in  the  eastern 
zone.  These  have  been  then  compared  with  similar  variations  at 
equatorial  and  higher  latitudes  obtained  by  other  workers.  The 
meridional  profiles  of  f0F2  from  0600  hours  to  midnight  are  drawn 
both  for  normal  and  disturbed  days,  which  show  on  disturbed  days, 
(i)  a  morning  rise  of  f0F2  which  is  a  common  feature  for  all  latitudes 
in  the  range  0  -45°  magnetic  dip,  and  (ii)  a  day-time  rise  of  f0F2  at 
places  with  magnetic  dip  from  0°  to  20°,  as  against  a  fall  of  f0F2 
during  day-time  and  in  the  early  night  at  places  with  magnetic  dip 
from  20°  to  60°.  This  fall  is  particularly  marked  at  about  35°  mag¬ 
netic  dip.  As  a  consequence,  the  intensity  of  equatorial  trough  in 
f0F2  during  these  hours  is  reduced  on  disturbed  days.  A  few  indivi¬ 
dual  cases  of  severe  SC  type  disturbances  have  been  discussed  in 
relation  to  f0F2  changes  in  the  East  Asiatic  Zone. 

The  changes  in  f0F2  and  in  cosmic  radio  noise  absorption  on  25  Mc/s. 
at  Ahmedabad  have  been  correlated.  A  study  of  spread  F  occur¬ 
rence  over  a  period  of  2  years  has  shown  that  while  spread  F  occur¬ 
rence  on  disturbed  days  is  reduced  to  J  of  its  value  on  normal  days 
at  Ahmedabad,  it  increases  at  Slough  to  nearly  2£  times  the  normal. 
The  change-over  from  decrease  to  increase  takes  place  at  about 
44°  magnetic  dip. 


A  preliminary  report  on  the  study  of  the  effect  of  geomagnetic  storms  on 
the  F2  layer  of  the  ionosphere  in  low  latitudes  w^as  given  at  the  CSAGI  meet¬ 
ings  held  in  Moscow  in  August  19581.  An  extended  study  of  the  subject  is 
presented  in  this  paper. 

♦Present  address:  Physics  Department,  Gujarat  University,  Ahmedabad 
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EFFECT  OF  GEOMAGNETIC  DISTURBANCES  ON  F2  LAYER 


The  changes  in  the  F2  layer  associated  with  geomagnetic  disturbances  have 
been  studied  by  a  number  of  workers2  8.  Their  studies  have  covered  a  large 
range  of  latitudes  and  longitudes.  Martyn,  adopting  the  method  of  ana¬ 
lysis  introduced  by  Moos9  and  Chapman10  for  the  study  of  magnetic  distur¬ 
bances,  separated  the  storm  time  and  local  time  variations  of  disturbance 
at  several  places. 

The  data  used  in  this  paper  relate  mostly  to  stations  in  the  Asiatic  Zone 
along  nearly  the  same  meridian,  as  it  was  considered  desirable  to  separate 
out  the  local  time  effects  and  compare  the  variations  in  different  latitudes 
as  clearly  as  possible. 

As  shown  in  an  earlier  study,  the  values  of  midday  f0F2  (1000-1400  hours) 
at  Delhi  and  Ahmedabad  are  depressed  on  magnetically  disturbed  days, 
while  at  Tiruchirapalli  and  Madras  they  show  an  increase.  The  change¬ 
over  from  decrease  to  increase  takes  place  at  about  magnetic  dip  20°.  For 
making  this  analysis,  the  superposed  epoch  method  was  followed,  taking 
as  zero  epoch  the  day  on  which  the  noon  value  of  f0F2  at  Ahmedabad  or 
Delhi  was  depressed  by  more  than  10  per  cent  of  corresponding  monthly 
median  value.  The  changes  in  f0F2  during  a  disturbance  were  expressed  as 
ratios  of  the  value  on  the  disturbed  day  [or  D(f0F2)]  to  the  corresponding 
monthly  median  value  at  the  same  hour.  In  the  present  paper,  a  study  of 
the  Dst  and  SD  variations  of  f0F2  in  low  latitude  stations  in  India  has  been 
made  and  the  results  are  compared  with  the  data  of  some  stations  in  middle 
latitudes.  Disturbance  variations  of  f0F2  in  the  East  Asian  Zone  are  com¬ 
pared  for  four  SC  type  magnetic  storms.  Finally  some  relations  between 
spread  F,  cosmic  radio  noise  absorption  on  25  Mc/s.  and  magnetic  activity 
are  briefly  discussed.  The  term  equator  used  in  this  paper  means  mag¬ 
netic  dip  equator  unless  otherwise  stated. 

Equatorial  Trough  in  f0F2.  It  has  been  known  for  some  time  that  the 
value  of  day-time  f0F2  has  a  peak  near  magnetic  dip  30°  and  that  there  is  a 
valley  near  the  magnetic  equator.  The  peaks  get  broader  and  the  valley 
shallower  in  years  of  high  solar  activity11.  In  1954,  the  peak  of  f0F2  was 
between  Ahmedabad  and  Bombay12,  while  in  1957  (a  high  sunspot  year),  it 
shifted  to  a  position  slightly  to  the  north  of  Ahmedabad  (magnetic  dip  35°). 
Table  1  gives  the  difference  A(f0F2)  between  f0F2  at  Ahmedabad  and  Kodai- 
kanal  (I  =  3-5°N)  at  different  hours  of  the  day  in  1954  and  1957.  The  equa¬ 
torial  trough  is  particularly  pronounced  in  the  winter  months. 

In  1954,  the  equatorial  trough  changed  into  a  ridge  by  about  2100  hours, 
while  in  1957  the  trough  continued  to  be  pronounced  even  up  to  midnight. 
The  earlier  development  of  the  trough  in  autumn  and  winter  and  its  conti¬ 
nuation  until  midnight  in  a  year  of  high  sunspot  activity  are  respectively 
due  to  (i)  the  increased  ionization  rate  and  upward  electrodynamic  drift  of 
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TABLE  1  —  DEPTH  OF  EQUATORIAL  TROUGH  IN  foF2  AT  DIFFERENT 
HOURS  OF  THE  DAY  IN  1954  AND  1957  —  A(foF2)  in  Mc/s. 
(AHMEDABAD-KODAIKANAL) 


Time 

1954 

1957 

t  ^  ' 

Jan. 

Apr. 

July 

Qct, 

r~  - 

Jan. 

Apr. 

July 

Oct. 

0900 

0-6 

0-5 

0-3 

0-3 

2-6 

-11 

-1-2 

10 

1200 

3-7 

4-2 

2-2 

3-8 

2-6 

4-7 

2-8 

4-5 

1500 

4-5 

4-4 

2-1 

4-6 

5-2 

5-5 

3-6 

51 

1800 

3-8 

0-9 

00 

2-0 

6-5 

5-9 

4-8 

5-7 

2100 

10 

— 

— 

— 

7-8 

5-2 

0-5 

71 

2400 

No  data  at  Kodaikanal  or  TiruchirapaUi 

1-0 

2-1 

-1-4 

2-8 

the  electrons  in  the  F  region  near  the  equator,  and  (ii)  the  lower  loss  rate  at 
the  increased  heights  of  the  F2  region,  The  negative  values  at  0900  hours 
in  April  and  July  1957  mean  that  the  increase  of  electron  production  at 
Kodaikanal  was  more  than  sufficient  to  compensate  for  the  fall  in  density 
due  to  upward  drift  in  the  summer  of  high  solar  activity,  Appleton13  has 
discussed  the  development  and  extinction  of  the  equatorial  anomaly  in 
equinoxes  of  a  low  sunspot  year. 

What  happens  to  the  said  anomaly  during  disturbed  days  is  shown  in  Fig.  1 
which  gives  the  mean  diurnal  variation  of  f0Fg  on  disturbed  and  normal 
days  at  Ahmedabad  and  Kodaikanal  in  the  year  1956  (47  days),  It  is  seen 
that  while  f0F2  at  Ahmedabad  decreases  on  disturbed  days  between  0800 
and  2300  hours,  at  Kodaikanal  it  increases.  The  tendency  of  the  distur¬ 
bance  is  to  flatten  out  the  equatorial  trough.  Though  the  midday  ‘  bite^ 
out '  in  f0F2  at  Kodaikanal  is  removed,  the  diurnal  variation  on  disturbed 
days  is  still  not  of  the  Chapman  layer  type.  Another  interesting  feature  is 
that  on  disturbed  days,  the  normal  post-sunset  rise  in  f0F2  at  Ahmedabad 
at  about  2000  hours  is  suppressed.  The  reduction  in  the  depth  of  the  equa¬ 
torial  trough  of  f0F2  is  shown  by  the  shaded  part  in  Fig.  1(b),  while  the  curves 
(A'-A)  and  (K'-K)  give  the  disturbance  diurnal  variation  at  Ahmedabad 
and  Kodaikanal. 

The  normal  and  disturbed  day  profiles  of  f0F2  over  a  range  of  latitudes 
with  magnetic  dip  60°N-0°  were  obtained  by  taking  the  mean  of  the  values 
on  days  having  2K  >  25  and  the  monthly  median  values,  with  due  weight 
given  to  the  number  of  disturbed  days  in  a  particular  month.  The  ana¬ 
lysis  was  made  for  the  year  1956  at  stations  in  the  eastern  zone  for  0600, 
0900,  1200,  1500,  1800,  2100  and  zero  hours.  Forty-three  days  with 
2K  >  25  were  studied  for  which  data  were  available  at  all  the  places.  The 
results  of  this  analysis  given  in  Fig.  2  show  clearly  that  f0Fa  is  depressed  on 
disturbed  days  at  all  the  places  north  of  magnetic  dip  20°  and  is  enhanced 
at  places  south  of  it  from  0900  to  2100  hours.  It  may  also  be  noted  that  the 
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(a)  (b) 


Fig.  1  —  (a)  Mean  diurnal  variation  of  f0F2  at  Ahmedabad  (A  and  A')  and  Kodai- 

KANAL  (K  AND  K')  ON  NORMAL  DAYS  TOGETHER  WITH  MEAN  DISTURBED  DAY  VARIATION 

(47  days)  in  1956.  Primed  letter  refers  to  disturbed  days,  (b)  Difference 
(A-K)  and  (A'-K')  showing  change  in  depth  of  equatorial  trough  of  f0F2;  SD 

VARIATION  OF  f0F2  AT  AHMEDABAD  AND  KODAIKANAL  EXPRESSED  AS  A(f0F2)  OR  DEVIATION 

FROM  NORMAL  (47  DAYS,  1956) 


depression  is  maximum  at  the  place  of  f0F2  peak.  The  morning  rise  of  f0F2 
on  disturbed  days  is  a  feature  common  at  all  the  places  with  magnetic  dip 
less  than  45°.  The  profiles  bring  out  the  reduction  of  the  equatorial 
anomaly  in  f0F2  on  disturbed  days. 

Disturbance  Diurnal  Variation  or  SD  Variation  of  f0F2.  To  find  the 
effect  of  the  disturbance  on  the  diurnal  variation  of  f0F2,  hourly  ratios  of 
disturbed  day  f0F2  to  monthly  median  f0F2  were  calculated  for  47  days 
with  2K  >  25  during  the  year  1956  for  Ahmedabad,  Bombay  and  Kodai- 
kanal  [Fig.  3(a)].  At  Kodaikanal  24-hourly  observations  were  begun  in 
August  1955  and  at  Bombay  they  were  begun  only  in  1958.  The  figure 
shows  that  the  changes  at  Ahmedabad  and  Kodaikanal  are  in  opposite  direc¬ 
tions  from  0800  to  2300  hours,  while  at  Bombay  the  effect  of  the  disturbance 
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-o-o-AVERAGE  FOR  DAYS  HAVING  gKs*E5  (43  DAYS) 

1956 

Fig.  2  —  Meridional  profiles  of  f0F2  in  the  northern  hemisphere  of  the  eastern 
ZONE,  AT  3-HOURLY  INTERVALS  FROM  0600  TO  2400  HOURS  IN  NORMAL  AND  DISTURBED 

CONDITIONS 


is  small,  and  indicative  of  a  transition  from  the  equatorial  zone,  Sharp 
rises  in  f0F2  are  observed  in  the  morning  both  at  Ahmedabad  and  Kodai- 
kanal  but  values  higher  than  normal  continue  throughout  the  day  near  the 
equator  only. 

As  both  Ahmedabad  and  Delhi  had  a  longer  series  of  data,  the  above  ana¬ 
lysis  was  carried  out  for  90  days  over  a  period  of  4  years  (1953-56)  with  a 
view  to  finding  the  SD  variations  of  f0F2  at  these  two  places  [Fig,  3(b)],  The 
curves  are  very  similar,  the  only  difference  being  that  the  amplitude  at 
Ahmedabad  is  larger  than  that  at  Delhi.  Figs,  2  and  3  prove  that  the 
phase  reversal  in  disturbance  variation  of  f0F2  during  day  hours  takes  place 
at  about  magnetic  dip  20°.  It  is  interesting  to  note  that  the  lunar  tidal 
variation  of  f0F2  also  reverses  in  phase  at  about  the  same  magnetic  dip14. 
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(1956) 
47  DAYS 
2  K  >25 


(1953-56) 
90  DAYS 
2  K  >  25 


0  6  12  18  2  4 


HOURS  (75°EM  T) 


Fig.  3  —  (a)  SD  variation  of  f0F2  at  Ahmedabad,  Bombay  and  Kodaikanal 
EXPRESSED  AS  RATIO  D(f0F2)/MONTHLY  median  f0F2  (1956).  (b)  SD  variation  of  f0F2 

at  Ahmedabad  and  Delhi  (1953-56) 
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One  difference  in  the  SD  variation  of  f0F2  at  Ahmedabad  during  1956  from 
that  for  the  longer  period  1953-56  may  be  noted.  The  negative  phase 
extends  well  into  the  night  in  1956,  while  taking  the  data  of  the  whole 
period,  it  is  mainly  confined  to  day-time.  This  will  be  further  considered 
in  the  next  section. 

Dependence  of  SD  (f0F2)  on  Local  Time  of  the  Commencement  of  the 
Magnetic  Storm  at  Ahmedabad.  All  the  SC  type  magnetic  storms 
were  then  grouped  according  as  they  commenced  in  each  of  the  four  quarters 
of  the  day  to  find  the  associated  variations  in  f0F2  over  an  interval  of  about 
50  hr  after  the  SC.  This  was  done  for  a  period  of  five  years  (1953-57). 
Sixty-five  SC  type  storms  were  found  of  which  16  commenced  in  the  quarter 
0000-0500  hours,  15  in  the  quarter  0600-1100  hours,  20  in  the  quarter 
1200-1700  hours  and  14  in  the  last  quarter.  The  mean  ratio  D(f0F2)/(med. 
f0F2)  was  then  plotted  separately  for  each  of  the  above  groups  against  local 
time.  Fig.  4  gives  these  curves  and  the  lowest  curve  gives  the  average  SD 
variation  on  the  day  following  the  SC.  The  mean  curve  in  each  group 
starts  at  a  time  round  which  SCs  were  Tnost  frequent.  There  is  a  clear 
dependence  of  the  SD  variation  of  f0F2  on  the  local  time  of  commencement 
of  the  storm. 

It  can  be  seen  at  once  that  the  variation  on  the  second  day  of  the  storms 
commencing  in  the  interval  0600-1100  hours  is  similar  to  that  obtained  in 
1956  on  the  basis  of  days  with  £K  >  25.  Further  examination  revealed 
that  majority  of  storms  in  1956  commenced  in  the  interval  0600-1100  hours. 

The  arrangement  of  data  in  Fig.  4  has  brought  out  sharply  the  morning 
rise  of  f0F2  for  each  group.  It  is  also  seen  that  f0F2  is  more  depressed  during 
the  second  24  hr  of  the  storm,  and  that  storms  commencing  in  the  after¬ 
noon  and  pre-midnight  hours  have  the  effect  of  initially  increasing  f0F2 
above  normal,  whereas  those  commencing  in  the  early  morning  and  forenoon 
hours  have  the  opposite  effect.  The  maximum  disturbance  in  f0F2  is  created 
by  storms  commencing  in  the  forenoon.  Those  commencing  in  the  evening 
hours  cause  the  least  disturbance.  The  mean  SD  curve  of  Fig.  4  shows  a 
maximum  positive  change  of  7  per  cent  at  0500-0600  hours  and  a  maximum 
negative  change  of  7  per  cent  at  1400  hours.  Positive  changes  are  found 
only  during  5  hr  in  the  morning.  Its  difference  from  the  mean  curve  for 
90  days  in  1953-56  [Fig.  3(b)]  which  showed  a  positive  phase  in  the  first  half 
of  the  night  is  due  to  the  fact  that  the  latter  included  the  first  and  second 
24  hr  of  all  types  of  storms,  many  of  which  were  weak. 

Comparison  of  SD  (foF2)  Variations  at  Middle  and  Low  Latitudes. 

Martyn15  analysed  the  SD  variations  of  f0F2  for  seven  places  from  near  the 
boundary  of  the  auroral  zone  to  the  magnetic  equator.  There  were  some 
gaps  in  low  latitudes,  the  filling  up  of  which  would  elucidate  the  progression 
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Fig.  4  —  Disturbance  variations  of  f0F2  during  magnetic  storms  grouped  according 

TO  THEIR  TIMES  OF  COMMENCEMENT  IN  EACH  QUARTER  OF  THE  DAY.  SHOWN  AT  THE 
BOTTOM  IS  THE  MEAN  SD  VARIATION  OF  f0F2  AT  AHMEDABAD 
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of  changes  as  the  equator  is  approached.  In  Fig.  5  are  reproduced  SD 
(f0F2)  curves  for  Washington16,  Wakkanai17,  Yamagawa5  and  Ibadan®. 
They  are  compared  with  those  at  Del|ii,  Ahmedabad  and  Kodaikanal. 
The  curves  reproduced  here  for  middle  latitudes  relate  to  winter,  but  they 
are  similar  to  the  mean  for  all  the  seasons,  with  only  a  small  difference  in 
amplitude. 

The  comparative  study  brings  out  the  following  facts: 

(i)  While  the  curves  for  Washington  and  Wakkanai  are  similar,  an  important 
change  of  phase  during  morning  hours  takes  place  at  Yamagawa  and  the 
change  involving  a  morning  rise  in  f0F2  is  continued  right  up  to  the  equator. 
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1945  a  1949 
WASHINGTON  ,  WINTER 
(D=  50  3*N  ,  1  =  71  4#N 


1949  a  1950 
WAKKANAI,  WINTER 
$=35-4°N  ,  1=59  5#N 

1949  B  1951 
YAMAGAWA ,  WINTER 
$  =  2I-2#N  ,  X  =  44-3#N 

DELHI, 1953-1956 
<$=  I88*N  ,  1-42  4*N 

AHMEDABAD, 1953-1956 
$=I3-6°N  ,  1=  34*N 


IBADAN  ,  1952 
f=IO°N  ,1  *  5*S 

K0DAIKANAL.I956 
$=0-6*N  ,I-3-5*N 

0  6  12  18  24 

HOURS  (L  M  T) 

Fig.  5  —  Comparison  of  SD  variation  of  f0F2  at  some  of  the  stations  in  magnetic 

DIP  RANGE  0°-72° 


(ii)  Another  change  occurs  during  day  hours  on  the  equatorial  side  of 

Ahmedabad,  viz.  there  is  an  increase  of  f0F2  near  the  equator  corresponding  to 
its  decrease  in  the  sub-tropics.  As  mentioned  earlier,  this  change  takes  place 
at  about  magnetic  dip  20°.  f. 

(iii)  From  sunset  to  midnight,  all  the  stations  show  increased  f0F2  during 
disturbance.  Near  the  magnetic  equator,  D(f0F2)  is  above  normal  through¬ 
out  the  day  except  for  2-3  hr  in  the  night. 

(iv)  The  difference  in  the  amplitudes  of  the  SD  curves  at  Ibadan  (I  =  6°S) 
and  Kodaikanal  (I  =  3-5°N)  may  be  due  to  the  fact  that  a  smaller  number 
of  days  with  SK  >  30  were  considered  at  Ibadan.  At  Kodaikanal,  more 
days  with  SK  >  25  were  considered. 
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Fig.  6  —  Storm  time  or  Dst  variation  of  f0F2  at  Ahmed abad  (65  SC  storms,  1953-57) 
COMPARED  WITH  THOSE  AT  WaTHEROO  (I  =  64°S,  90  SC’S,  1939*  50)  AND  WASHINGTON 
(I  =  71-4°N,  81  SC’s,  1941-50)  due  to  Martyn4 


Storm  Time  Variation  of  f0F2  in  Low  and  Middle  Latitudes.  Here, 
the  hourly  ratios  D(f0F2)/med.  f0F2  are  arranged  according  to  storm  time, 
taking  the  hour  nearest  to  the  SC  time  as  zero  hour,  and  plotting  the  above 
ratios  for  50  or  more  hours  after  the  SC  time.  When  a  large  number  of 
SCs  are  available  and  their  times  are  evenly  distributed  during  24  hr  of 
the  day,  the  superposed  SD  variation  will  be  reduced  to  small  proportions 
in  the  averaged  Dst  variation.  Fig.  6  gives  a  smoothed  curve  of  Dst 
variation  of  f0F2  at  Ahmedabad  for  a  duration  of  50  hr  after  the  SC, 
and  it  is  compared  with  those  at  Washington  and  Watheroo4  of  middle 
latitudes. 

(i)  It  may  be  noted  that  storm  time  effect  is  a  reduction  of  f0F2  below  nor¬ 
mal  at  all  these  places.  The  maximum  negative  change  at  Ahmedabad  is 
only  5  per  cent  as  against  7  per  cent  in  SD  variation.  The  variations  at  the 
other  two  places  are  expressed  as  simple  deviations,  but  one  can  see  that 
when  they  are  expressed  as  percentages,  the  depressions  would  be  larger  than 
those  found  at  Ahmedabad. 

(ii)  The  storm  time  effect  on  f0F2  attains  its  maximum  value  at  a  later 
hour  in  lower  latitudes,  e.g.  it  is  maximum  at  28  hr  after  SC  at  Ahme¬ 
dabad,  24  hr  at  Watheroo  and  20  hr  at  Washington.  On  the  contrary, 
the  recovery  to  normal  takes  place  later  at  higher  latitudes,  i.e.  the  distur¬ 
bance  conditions  prevail  for  a  longer  time  at  higher  latitudes  after  the 
sudden  commencement.  The  effect  of  the  disturbance  is  more  marked  on 
the  second  day  of  the  storm. 
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Fig.  7  —  Storm  time  variations  of  f0F2  expressed  as  simple  deviations  from 

NORMAL  AT  VARIOUS  PLACES  FROM  EQUATOR  TO  MAGNETIC  DIP  49°N  IN  THE  EAST  ZONE, 
DURING  THE  SC  TYPE  MAGNETIC  STORM  OF  JANUARY  21,  1957 


Some  Instances  of  f0F2  Variations  Associated  with  Severe  SC  type 
Magnetic  Storms.  In  Figs.  7-10  are  shown  the  simultaneous  changes  in 
f0F2  at  various  places  in  the  eastern  zone.  In  these  figures,  A(f0Fa),  the 
deviation  in  Mc/s.  of  the  observed  f0F2  from  the  monthly  median  value  at 
the  same  hour  are  plotted.  At  the  bottom  of  the  figure  is  given  the  smooth¬ 
ed  magnetogram  of  the  horizontal  component  of  the  earth’s  magnetic  field 
at  Alibag,  which  has  magnetic  observatory  nearest  to  Ahmedabad. 
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Fig.  8  —  Storm  time  variations  of  f0F2  expressed  as  simple  deviations  from 

NORMAL  AT  VARIOUS  PLACES  FROM  EQUATOR  TO  MAGNETIC  DIP  49°N  IN  THE  EAST  ZONE, 
DURING  THE  SC  TYPE  MAGNETIC  STORM  OF  SEPTEMBER  13,  1957 
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Fig.  9  —  Storm  time  variations  of  f0F2  expressed  as  simple  deviations  from 
NORMAL  AT  VARIOUS  PLACES  FROM  EQUATOR  TO  MAGNETIC  DIP  49°N  IN  THE  EAST  ZONE, 
DURING  THE  SC  TYPE  MAGNETIC  STORM  OF  FEBRUARY  11,  1958 
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TABLE  2- 

-SOLAR  FLARE 

AND  MAGNETIC 

STORM  DATA 

Date  and 

Intensity 

RangF  AH 

Associated 

TIME  (UT)  OF  SC 

OF  STORM 

AT  KODAIKANAL 

gammas 

SOLAR  FLARE 

OR  RADIO  BURST 

Jan.  21,  1957 
1253 

Severe 

410 

SF  2+ 

Jan.  20,  1957 
1850 

Sept.  13,  1957 
0049 

Severe 

710 

Aug.  11.  1957  • 
Type  IV  burst 
0300 

Feb.  11,  1958 
0125 

Severe 

813 

SF  2* 

Feb.  9,  1958 
2053 

July  8,  1958 

0751 

Severe 

710 

SF  3* 

July  7,  1958 
0048 

Table  2  gives  some  details  of  the  storms  included  here. 

All  the  storms  followed  intense  solar  flares  within  28  hr.  In  the  storm  of 
January  21,  1957,  the  difference  between  the  two  events  was  about  18  hr. 

(i)  The  amplitude  and  sign  of  changes  in  f0F2  after  the  sudden  com¬ 
mencement  defend  on  the  latitude  of  the  place  and  also  on  the  local  time  of 
commencement.  Large  changes  begin  8-10  hr  after  the  SC  and  the  maxi¬ 
mum  disturbance  in  f0F2  is  observed  20-24  hr  later.  This  maximum  change 
in  f0F2  does  not  necessarily  coincide  with  the  time  of  maximum  magnetic 
disturbance.  There  is  no  evidence  of  a  sudden  commencement  in  the  iono¬ 
sphere  corresponding  to  that  observed  in  the  H  field.  Plots  against  UT 
give  an  idea  of  the  storm  time  changes,  but  superposed  on  them  are  the  SD 
variations.  To  recognize  SD  from  Dst,  the  local  times  are  also  marked 
on  the  zero  axis  of  each  station  in  Figs.  7-10. 

(ii)  At  the  Japanese  stations  the  values  of  f0Fa  are  higher  than  normal  in 
winter,  though  at  low  latitude  stations,  they  are  below  normal  even  in  winter. 
A  large  difference  has  been  observed  between  the  effects  at  the  Japanese 
stations  of  the  storms  on  February  11,  1958  and  September  13,  1957, 
although  the  SC  times  in  both  the  events  were  nearly  the  same. 

(iii)  In  all  cases  when  the  magnetic  storm  commenced  in  the  morning  hours, 
the  usual  midday  ‘  bite-out  ’  in  f0F2  at  the  equator  was  enhanced  on  the  day 
of  the  SC.  On  the  following  day,  however,  higher  values  of  f0F2  were  ob¬ 
served  during  day-time.  The  storm  of  February  11,  1958  was  so  severe  that 
even  on  the  second  day,  abnormally  low  values  of  f„F2  continued  near  the 
equator.  Large  initial  drops  in  f0F2  were  recorded  on  a  world-wide  scale 
within  2-3  hr  of  SC.  Because  of  its  special  features,  the  storm  of  February 
11,  1958  has  been  studied  in  greater  detail  in  a  separate  paper. 
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8-7-  1958  9-  7  -  1958 

Fig.  10  —  Storm  time  variations  of  f0F2  expressed  as  simple  deviations  from 

NORMAL  AT  VARIOUS  PLACES  FROM  EQUATOR  TO  MAGNETIC  DIP  49°N  IN  THE  EAST  ZONE, 
DURING  THE  SC  TYPE  MAGNETIC  STORM  OF  JULY  8,  1958 


(iv)  A  comparison  of  the  time  variations  of  f0F2  at  different  stations  shows 
that  Madras  (I  =  10°N),  Kodaikanal  (I  =  3-5°N)  and  Trivandrum  (I  =  0°)  fall 
in  the  equatorial  group;  while  Ahmedabad  (I  =  34°N),  Okinawa  (I  =  36°N) 
and  Delhi  (I  =  42°N)  in  the  sub-tropics  form  another  group.  The 
three  Japanese  stations,  viz.  Kokubunji  (I  =  49°N),  Akita  (I  =  54°N)  and 
Wakkanai  (I  =  60°N)  form  a  third  group  in  middle  latitudes.  Yamagawa 
(I  =  44°N)  stands  as  an  intermediate  station  between  the  sub-tropics  and 
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DBPART0RR8  FROM  FORMAL  OF  COSMIC  RADIO  IfOISE- 
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Fig.  11  — Correlation  of  A(f0Fa)  and  A  A  of  cosmic  radio  noise  absorption  during 
a  magnetically  disturbed  period,  September  2-5,  1957 


mid-latitudes,  while  Baguio  (I  =  19°N)  and  Singapore  (I  =  18°S)  are 
located  near  the  transition  between  tropical  and  equatorial  stations.  The 
data  show  two  reversals  in  phase  of  A(f0F2),  one  near  magnetic  dip  45°  and 
the  other  near  magnetic  dip  20°. 

The  increased  number  of  stations  in  low  latitudes  has  helped  in  marking 
out  the  boundary  of  the  zone  of  positive  A(f0F2)  near  the  magnetic  equator 
with  some  precision. 

Matsushita7  divides  the  whole  hemisphere  into  8  zones  to  show  the  sequen¬ 
tial  changes  in  D(f0F2).  His  analysis  shows  that  an  increase  of  f0F2  occurs 
at  high  latitudes  immediately  after  SC. 

f0F3  and  Cosmic  Radio  Noise  on  25  Mc/s.  at  Ahmedabad  during  a 
Magnetic  Storm.  It  has  been  shown  by  Bhonsle  and  Ramanathan18  that 
cosmic  radio  noise  absorption  (CRNA)  on  25  Mc/s.  at  Ahmedabad  is  reduced 
on  magnetically  disturbed  days.  The  cosmic  radio  noise  as  measured  at 
ground  level  undergoes  attenuation  in  its  passage  through  the  ionosphere. 
The  absorption  due  to  the  D  layer  is  fairly  regular  and  is  not  affected  much 
by  magnetic  disturbances.  In  the  F2  region,  however,  the  changes  in  elec¬ 
tron  density  are  large  and  the  layer  is  very  much  affected.  On  this  ground, 
one  can  expect  changes  in  CRNA  (AA)  corresponding  to  changes  in  f0F2. 
This  is  illustrated  in  Fig.  14  which  shows  a  comparison  of  A(f0F2)  and  A  A 
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HOURS  (75*  E  M  T) 

O'  QUIET  DAYS*  5  K  <  I  5,  118  DAYS 

D  :  DISTURBED  ,  5  K  >  25,  132  DAYS 

VD  :  VERY  DIST  .  ,  2  K  >  35,  25  DAYS 

(1956-  1957) 

Fig.  12  —  Variation  during  night  hours  of  the  occurrence  of  spread  F  echoes 

ON  MAGNETICALLY  QUIET  AND  DISTURBED  DAYS 


during  a  prolonged  disturbed  period  when  severe  SC  type  magnetic  storms 
commenced  on  September  2  and  4,  1957.  It  should  be  noted  that  on  all 
these  days  spread  F  echoes  were  absent.  It  is  clear  that  AA  and  A(f0F2) 
show  good  correspondence  from  0900  hours  till  midnight,  after  which  f0F2  was 
so  low  that  cosmic  radio  noise  was  not  influenced.  It  has  been  observed 
that  in  general  electron  concentrations  corresponding  to  f0F2  =  8  Mc/s.  are 
not  effective  in  causing  CRNA  on  25  Mc/s.  at  Ahmedabad. 

An  important  feature  shown  by  ionospheric  records  near  the  magnetic 
equator  is  that  f0F2  increases  during  increased  magnetic  activity,  but  spread 
F  echoes  are  rare.  At  Ahmedabad,  both  f0F2  and  spread  F  decrease  during 
a  disturbance.  An  interesting  question  arises  as  ®to  the  relative  contributions 
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S  K(ALIBAG) 


Fig.  13  —  Superposed  epoch  disturbance  variation  of  spread  F  activity  at  Ahme- 
DABAD,  KoKUBUNJI  (I  =  49°N)  AND  SLOUGH  (I  =  67°N).  K  INDEX  SUM  OF  MAGNETIC 
ACTIVITY  AT  ALIBAG  IS  ALSO  SHOWN.  81  EPOCHS,  0  DAYS  WITH  EK  >  25  (1956-57) 


to  cosmic  radio  noise  attenuation  from  electron  collisions  in  the  ionosphere 
and  F  scatter.  It  should  be  possible  to  elucidate  this  by ‘making  measure¬ 
ments  on  CRNA  near  the  magnetic  equator. 
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Spread  F  and  Magnetic  Activity.  It  has  been  shown  by  one  of  the 
authors19  that  spread  F  was  less  frequent  over  Ahmedabad  on  days  of  in¬ 
creased  magnetic  activity  and  that  this  was  also  true  for  all  stations  having 
magnetic  dip  0°-44°,  though  the  decrease  was  not  in  the  same  pro¬ 
portion  at  different  latitudes.  The  solar  cycle  variation  of  the  occurrence 
of  spread  F  also  showed  a  decrease  with  increased  magnetic  character  figure. 
In. Fig.  12  are  given  the  changes  in  the  occurrence  of  spread  F  on  (i)  quiet 
days  when  EK  <15,  (ii)  disturbed  days  when  EK  >  25,  and  (iii)  very  dis¬ 
turbed  days  when  EK  >  35.  They  clearly  show  that  spread  F  frequency 
on  disturbed  days  is  about  |  of  its  value  on  quiet  days  at  Ahmedabad. 
Days  with  SK  >  35  are  few  in  number  and  the  percentage  changes 
in  this  case  cannot  be  given  much  weight.  A  similar  reduction  in 
spread  F  over  Ibadan,  particularly  in  winter,  was  obtained  by  Wright  and 
others20. 

A  further  statistical  analysis  of  spread  F  data  was  carried  out  by  the  super¬ 
posed  epoch  method.  The  stations  studied  were  Ahmedabad,  Kokubunji 
and  Slough  and  the  zero  epoch  day  was  selected  as  one  with  EK  >  25. 
When  EK  was  high  consecutively  for  3-4  days,  the  day  with  the  highest 
value  of  EK  was  taken  as  the  zero  day.  The  K  indices  of  magnetic  activity 
used  in  this  analysis  were  from  the  Alibag  Observatory.  During  the  years 
1956-57,  81  epochs  could  be  collected  and  the  mean  percentage  occurrence 
of  spread  F  during  the  interval  2000-0600  hours  on  the  epoch  day  and  on 
3  days  before  and  3  days  after  the  epoch  day  were  computed.  The  results 
are  shown  in  Fig.  13a.  It  is  found  that  the  occurrence  of  spread  F  on  a  dis¬ 
turbed  day  is  reduced  to  ^  of  its  normal  value  at  Ahmedabad  for  an  increase 
of  about  80  per  cent  in  EK,  while  it  increases  to  about  2\  times  the  normal 
at  Slough.  At  a  place  like  Kokubunji,  there  is  no  appreciable  change  in 
spread  F  activity  from  quiet  to  disturbed  period.  In  Fig.  13b,  curves  of 
spread  F  against  EK  are  drawn  for  Ahmedabad  and  Slough.  The  change 
from  a  decrease  in  spread  F  in  low  latitudes  to  an  increase  in  middle  lati¬ 
tudes  during  magnetically  disturbed  periods  takes  place  near  magnetic 
dip  49°.  Lyon  and  others21  showed  that  in  the  southern  hemisphere,  such 
a  change  in  the  variation  of  spread  F  with  magnetic  character  figure,  Cp, 
took  place  at  geographic  latitude  20°  or  magnetic  dip  54°.  From  the  study 
of  some  individual  storm's  it  was  found  that  while  spread  F  occurrence 
was  quite  high  at  Kokubunji,  Akita  and  Wakkanai  after  the  storm 
commencements,  it  was  not  so  at  Yamagawa  and  other  low  latitude 
stations. 


Conclusions 

The  following  are*  the  main  conclusions  on  the  various  aspects  of  the  distur¬ 
bances  in  the  Fa  layer  of  the  ionosphere  associated  with  geomagnetic  storms 
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which  have  been  studied  not  only  at  Ahmedabad  but  also  at  other  stations 
in  lower  and  higher  latitudes  mainly  in  the  eastern  zone: 

(i)  The  meridional  profiles  of  f0F2  during  quiet  and  disturbed  periods  show 
that  in  the  range  of  latitudes  with  magnetic  dip  0°-60°N,  the  maximum 
decrease  in  f0F2  takes  place  at  about  magnetic  dip  35°  on  disturbed  days. 
There  is  a  morning  rise  in  f0F2  at  all  the  stations  with  magnetic  dip  0°-45°. 
The  equatorial  trough  of  low  f0F2  is  removed  to  a  certain  extent  during 
magnetic  disturbances.  The  cross-over  from  negative  to  positive  change 
in  f0F2  takes  place  at  about  magnetic  dip  20°. 

(ii)  Two  reversals  in  the  phase  of  SD(f0F2)  variation  take  place,  one  in  the 
morning  hours  near  magnetic  dip  45°  and  the  other  at  midday  hours  near 
magnetic  dip  20°.  This  is  different  from  the  SD  variation  of  the  horizontal 
component  of  the  earth's  magnetic  field,  which  changes  its  phase  at  about 
magnetic  dip  71°  (or  mag.  lat.  55°). 

(iii)  The  disturbance  variations  of  f0F2  greatly  depend  on  the  local  time  of 
the  commencement  of  the  magnetic  storm.  Those  commencing  in  the  second 
quarter  of  the  day  produce  maximum  disturbance  in  F2  at  Ahmedabad,  while 
those  commencing  in  the  evening  hours  cause  the  minimum  effect. 

(iv)  The  storm  time  or  Dst  variation  of  f0F2  continues  for  a  longer  period 
at  higher  latitudes.  Sharp  changes  in  f0F2  begin  only  after  about  8  hr  after 
the  SC  and  the  maximum  depression  of  f0F2  occurs  at  later  hours  near  the 
f0F2  peak.  The  maximum  Dst  variation  of  f0F2  does  not  occur  simultaneously 
with  that  of  H. 

(v)  Changes  in  cosmic  radio  noise  absorption  on  25  Mc/s.  at  Ahmedabad  on 
magnetically  disturbed  days  show  correlation  with  changes  in  the  maximum 
electron  concentration  in  the  F2  layer. 

(vi)  Spread  F  echoes  are  less  frequent  on  disturbed  days  at  Ahmedabad. 
This  is  opposite  to  what  is  observed  at  Slough.  The  change-over  from 
decrease  to  increase  of  spread  F  occurs  at  about  magnetic  dip  45°. 

The  disturbance  effects  on  the  F2  layer  of  the  ionosphere  are  of  a  complex 
character  and  for  their  elucidation,  synoptic  studies  are  required  of  true  N-h 
profiles  at  a  number  of  stations.  There  is  reason  to  believe  that  magnetic 
storms  disturb  the  whole  of  the  ionosphere  including  the  Van  Allen  belts. 

s' 
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10.  Magnetic  and  Ionospheric  Disturbances  in  Low  Latitudes 

by  K.  M.  Kotadia  and  K.  R.  Ramanathan 

Abstract — The  report  contains  a  brief  summary  of  studies  on  the  meridional  profiles  of 
foF 2  and  hpF 2  in  the  eastern  zone  in  different  seasons  of  the  years  1954  and  1957,  and  at 
different  times  of  the  day.  The  daily  variation  of  the  foF2  equatorial  anomaly  is  dis¬ 
cussed.  It  has  been  found  that  the  effect  of  magnetic  disturbances  is  to  reduce  the  sub- 
equatorial  anomaly. 

From  a  statistical  study  of  foF2  data  on  magnetically  disturbed  days,  it  has  been 
shown  that  the  increase  of  day-time  foF2,  which  takes  place  near  the  equator,  changes 
to  a  decrease  at  about  geomagnetic  latitude  7°N,  or  magnetic  dip  20°N.  This  is  also  the 
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latitude  at  which  tjja^phase  reversal  of  lunar  variation  oifoF2  occurs.  Sudden  disturbance 
(SD)  variations  of  foF2  at  Ahmedabad  are  derived  from  records  of  days  of  sudden  com¬ 
mencement  (SC)  type  magnetic  storms,  and  also  from  other  magnetically  disturbed  days, 
and  compared  with  results  obtained  at  other  places.  Storm  time  variations  (Dst)  are  also 
studied. 

CN 

The  occurrence  of  sproad-_F  at  Ahmedabad  is  found  to  decrease  with  increase  in  mag¬ 
netic  activity;  the  opposite  to  that  at  Slough.  The  change-over  takes  place  somewhere 
near  magnetic  dip  45°N  or  geomagnetic  latitude  25°N. 


In  1954,  we  had  six  ionospheric  sounding  stations  in  India.  This  number  was 
increased  to  eight  in  1957.  The  magnetic  dip  at  four  of  these  stations  was  less  than 
Jl°.  Figure  1  shows  the/oF2  and  hpF2  profiles  between  stations  in  the  eastern  zone 
with  magnetic  dip  varying  from  0°  to  60°N,  in  1954  and  1957  at  different  hours  of 
the  day  and  in  each  of  the  months  January,  April,  July  and  October.  The  data  of 
all  the  Indian  and  of  four  Japanese  stations  have  been  used  in  preparing  this  diagram. 

The  profiles  were  regular  in  1954.  The  day-time  upward  motion  of  the  equatorial 
ionosphere  (hpF2)  occurred  mainly  to  the  south  of  the  latitude  of  Ahmedabad 
(dip  34°N).  The  peak  value  of/oF2  occurred  in  the  neighbourhood  of  Ahmedabad 
at  about  1500,  and  at  2100  the  ionosphere  was  calm. 

By  contrast,  the  ionosphere  in  1957  was  much  more  disturbed  and  dilated,  the 
level  of  hpF 2  was  much  higher  and  the  peak  in  JqF2  remained  strong  even  at  2100. 
It  is  probable  that  the  lower  rate  of  recombination  of  electrons  at  the  higher  levels 
of  maximum  electron  density  in  1957  was  responsible  for  this.  It  is  obvious  that 
while  the/o-F2  peak  was  to  the  south  of  Ahmedabad  in  1954,  it  was  to  its  north  in 
1957. 

In  some  of  the  diagrams  of  hpF 2,  the  lines  of  force  of  the  earth’s  magnetic  field 
are  shown  by  dotted  lines.  They  show  that  the  peak  value  in/oF2  occurs  on  the  polar 
side  of  the  equatorial  upheaval  and  suggest  that  the  electron  accumulation  at  the 
peak  is  due  to  northward  and  downward  flow  of  electrons  and  ions  along  the  lines 
of  magnetic  force. 

It  is  known  that  during  times  of  magnetic  disturbance,  the  foF2  region  near  the 
geomagnetic  equator  is  raised,  and  above  a  certain  latitude  it  is  depressed  (Appleton 
and  Piggott,  1955). 

Figure  2  shows  the  mean  profiles  of/o_F2  on  magnetically  disturbed  days  at  different 
times  of  the  day  compared  with  monthly  medians.  The  data  plotted  are  the  mean 
values  of  foF 2  on  43  days  in  1956  on  which  the  values  of  K  at  Alibag  were  >  25. 
It  will  be  seen  that  the  sub-equatorial  anomaly  of  JqF2  is  slightly  reduced  on  mag¬ 
netically  disturbed  days,  the  maximum  depression  being  near  the  peak  of  f$F2 
at  Ahmedabad.  South  of  dip  20°N,  the  day-time  values  of/oF2  increase,  while  north 
of  it  they  decrease.  The  effect  of  magnetic  disturbances  is  to  flatten  out  the  equa¬ 
torial  anomaly  oifoF2. 

The  same  result  is  shown  by  the  superposed-epoch  method  for  the  relative  varia¬ 
tions  of  midday  foF2  at  Delhi,  Ahmedabad,  Bombay,  Madras  and  Tiruchirapally. 
The  relative  variations  of  JqF2  at  the  different  places  are  shown  in  Fig.  3  using 
twenty-seven  epochs  in  1954,  round  days  when  the  midday  value  of  JqF2  was  more 
than  10  per  cent  below  the  median  midday  value  at  Ahmedabad.  It  is  found  that 
the  change-over  from  positive  to  negative  in  foF2  takes  place  at  the  geomagnetic 
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Fig.  2.  Mean  profiles  of  foF2  on  normal  and  magnetically  disturbed  days  in  1956: 
- average  monthly  median; . average  of  days  having  K  >  25  (43  days),  1956. 


Fig.  3.  Variation  of  midday  /oF2  (superposed  epoch)  on  disturbed  days  in  low  latitudes 
(1)  with  Delhi  and  (2)  with  Ahmedabad  as  reference  station,  when  the  midday  depression 
in/oF2  was  more  than  10  per  cent  of  the  monthly  median  value. 
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latitude  of  about  0  =  7°N  or  magnetic  dip  O  =  20°N.  The  local  time  at  each  of 
the  above  places  is  nearly  the  same. 

It  is  curious  to  note  (Fig.  4)  that  the  reversal  of  phase  of  lunar  diurnal  variations 
also  takes  place  between  Bombay  and  Madras  at  a  latitude  where  the  value  of  the 
dip  is  about  20°N  (Kotadia  and  Ramanathan,  1956). 


Lunar  variation  of  midday  f0  £  (1954) 

Fig.  4.  Variation  with  lunar  phase  of  midday  foF2  (10-14  hr) —at  low  latitude  stations  in 
Indian  zone.  Note  the  reversal  of  phase  between  B  (Bombay)  and  M  (Madras). 


Diurnal  Variation  o/foF2  and  hpF2  during  a  Few  Selected  Magnetic  Storms 


Figures  5,  6  and  7  show  the  variations  offoF2  and  hpF 2  at  Kodaikanal,  Ahmeda- 
bad,  Delhi  and  Kokubunji  during  three  sudden  commencement  magnetic  type  storms 
in  1956  and  1957,  superposed  on  the  curves  of  monthly  median  variations  in  the 
same  months.  The  times  of  commencement  and  of  maximum  severity  of  the  storms 
are  indicated  on  the  curves. 


Dates 


Times  of  SC  ( 15°EMT ) 


(1)  (2) 


(3) 


27- 4-56 

28- 4^56 

27  (0200) 


30-6-57 

1- 7-57 

2- 7-57 
30  (1030) 


21- 4^-56 

22- 4-56 

23- 4-56 
21  (1600) 
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Fig.  5.  Diurnal  variation  of  foF2  and  hpF 2  on  a  sudden  commencement  type  magnetically 
disturbed  day  (27-28  April  1956)  superposed  on  monthly  median  variations:  KKBJ : 
Kokubunji  DLH:  Delhi,  AHMD:  Ahmedabad,  KDK:  Kodaikanal,  SNGP:  Singapore, 

TRC:  Tiruchirapalli. 

Attention  may  be  drawn  to  the  following  features : 

(1)  The  largest  changes  in  the  ionosphere  occur  on  the  day  of,  or  the  day  following 
the  commencement  of  the  magnetic  storm.  At  Singapore  and  Kodaikanal,  the  change 
is  generally  a  daytime  increase  in  foF2,  while  at  Ahmedabad,  Delhi  and  Kokubunji, 
it  is  a  decrease.  The  changes  at  Kokubunji  are  generally  smaller  than  at  Delhi  or 
Ahmedabad. 

(2)  On  many  storm  days,  the  morning,  post-sunrise  increase  in  f0F2  at  Ahmeda¬ 
bad  and  Delhi  is  much  steeper,  and  there  is  a  pronounced  tendency  for  oscillations  of 
foF2  in  the  forenoon. 
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(3)  After  the  main  phase  of  the  storm,  there  is„a  tendency  for  increased  night¬ 
time  F- scatter. 

(4)  The  variations  of  hpF 2  are  more  irregular  on  storm  days  and  the  heights  are 
generally  greater. 


Fig.  6.  Diurnal  variation  offoF2  and  hpF 2  on  a  sudden  commencement  type  magnetically 
disturbed  day  (30  June-2  July  1957)  superposed  on  monthly  median  variations:  KKBJ : 
Kokubunji,  DLH:  Delhi,  AHMD :  Ahmedabad,  KDK:  Kodaikanal,  SNGP:  Singapore, 

TRC  :  Tiruchirapalli. 
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The  behaviour  of  the  ionosphere  during  magnetic  storms  depends,  as  is  well 
known,  on  the  severity  of  the  storm  and  also  on  its  time  of  commencement. 

It  is  possible  to  analyse,  as  has  been  done  by  Appleton  and  Piggott  (1952), 
and  by  Martyn  (1953),  the  disturbance  variations  of  an  observed  ionospheric 
characteristic  by  expressing  its  deviation  at  any  hour  on  the  disturbed  day  from  the 
monthly  median  value  at  that  hour  as  a  percentage  deviation. 


Fig.  7.  Diurnal  variation  offoF2  and  hpF 2  on  a  sudden  commencement  type  magnetically 
disturbed  day  (21-23  April  1956)  superposed  on  monthly  median  variations:  KKBJ: 
Kokubunji,  DLH:  Delhi,  AHMD:  Ahmedabad,  KDK:  Kodaikanal,  SNGP:  Singapore 

TRC:  Tiruchirapalli. 

The  ionospheric  disturbances  in  foF2  at  Ahmedabad  corresponding  to  sixty-five 
sudden  commencement  magnetic  storms  in  1953-1957  were  analysed  this  way, 
dividing  the  storms  into  four  groups ; 

sixteen  storms  commencing  between  0000  and  0500; 
fifteen  storms  commencing  between  0600  and  1100; 
twenty  storms  commencing  between  1200  and  1700; 
fourteen  storms  commencing  between  1800  and  2300. 
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The  mean  deviations  in  the  48  hr  following  the  sudden  commencement  are  shown 
in  Fig.  8.  The  mean  disturbance  curve  on  the  second  day  after  the  sudden  com¬ 
mencement  is  also  drawn.  It  shows  a  maximum  positive  deviation  of/<>F2  of  about 
7  per  cent  at  0600  and  a  maximum  negative  deviation  of  7  per  cent  at  1500. 

The  variations  discussed  above  refer  to  sudden  commencement  storms.  Analysis 
of  SD  variations  on  ninety  disturbed  days  in  1953-1956  at  Ahmedabad  and  Delhi 
and  on  forty-seven  disturbed  days  in  1956  at  Bombay,  Ahmedabad  and  Kodaikanal 
on  which  YiK  was  greater  than  25  (without  consideration  of  times  of  sudden  com¬ 
mencement)  was  also  made  and  the  results  are  shown  in  Fig.  9.  It  will  be  seen  that 
the  SD  variations  had  appreciable  amplitudes  both  at  Ahmedabad  and  Kodaikanal 


Fig.  8.  Disturbance  variation  of  foF2  at  Ahmedabad  for  magnetic  storms  commencing 
at  different  times  of  the  day.  Also  mean  SD  variation  of  foF2  on  day  following  SC  storms. 

(sixty-five  storms,  1953-1957). 


but  that  they  were  in  opposite  directions  from  0800  to  2300.  Night-time  foF2  at 
Kodaikanal  was  depressed  more  than  at  Ahmedabad.  The  peak  at  0600  was  pro¬ 
minent  at  Kodaikanal,  Ahmedabad  and  Delhi.  The  mean  SD  variations  at  Bombay 
was  small  compared  to  those  at  the  other  places. 

Figure  10  shows  the  actual  average  values  of  foF2  at  Kodaikanal  and  Ahmeda¬ 
bad  on  disturbed  days  and  on  normal  days  in  1956.  The  differences  A-K,  A'-K', 
A' -A  and  K'-K  are  also  shown.  The  dashed  values  refer  to  disturbed  days. 
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In  Fig.  11,  a  comparison  is  made  of  the  SD  variation  of  foF 2  in  middle,  low  and 
equatorial  latitudes.  The  stations  considered  and  their  magnetic  dips  are: 


Washington 

Wakkanai 

Yamagawa 

Delhi 

Ahmedabad 

Ibadan 

Kodaikanal 


71°-4N  (Appleton,  1956) 

59°-5N  (Appleton  and  Piggott,  1953) 
44°-3N  (Sinno,  1953) 

42°-4N  ) 

34--0N  )™‘erS 

5°S  (Skinner  and  Wright,  1955) 

3°-5N  (writers) 


Fig.  9.  (a)  SD  variation  of  foF2  at  Ahmedabad,  Bombay  and  Kodaikanal,  47  days  with 
K  >  25  (1956).  (b)  SD  variation  at  Delhi  and  Ahmedabad,  90  days  with  K  >  25 

(1953-1956). 


The  SD  variations  for  the  middle  latitude  stations  are  for  winter,  but  the  shape 
of  the  curves  is  similar  to  the  mean  curve  for  all  the  seasons.  It  will  be  seen  that  while 
the  curves  for  Washington  and  Wakkanai  are  similar,  an  important  change  of  phase 
during  day-hours  takes  place  at  Yamagawa,  Delhi  and  Ahmedabad.  There  is  yet 
another  change  on  the  equatorial  side  of  Ahmedabad.  The  day-time  decrease  of 
/o-F2  changes  into  an  increase.  Ibadan  and  Kodaikanal  behave  similarly,  but  the 
changes  at  Ibadan  are  larger.  One  reason  for  this  may  be  that  in  preparing  the 
Ibadan  curve,  only  days  for  which  K  >  30  have  been  considered,  while  for  Kodai- 
kanal,  all  days  with  K  >  25  have  been  taken  into  account. 
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Finally  in  Fig.  12,  a  comparison  is  made  between  the  storm -time  ( Dst )  variations 
of  foF 2  at  Ahmedabad,  Watheroo  and  Washington.  The  curves  for  the  latter  two 
places  are  taken  from  Martyn  (1953). 


Fig.  10.  Average  diurnal  variations  of  foF2  at  Kodaikanal  and  Ahmedabad  on  43 
magnetically  disturbed  days  oompared  with  average  monthly  medians  (1956)  and  their 
differences.  A:  Ahmedabad,  K:  Kodaikanal  (median  curves).  Dashed  curve  refers  to 

disturbed  day  variation. 


Magnetic  Activity  and  Occurrence  of  Spread-F  Echoes  in  Low  Latitudes 

A  study  was  first  made  of  the  occurrence  of  night-time  spread-F  echoes  at  Singa¬ 
pore,  Kodaikanal,  Ahmedabad,  Delhi  and  Yamagawa  in  January,  March,  July  and 
October  1956.  The  results  are  shown  in  Figs.  13  to  16  and  it  will  be  seen  that : 

(1)  In  March  and  October  1956,  spread-F  echoes  were  frequent  in  low  latitudes 
and  there  was  fair  to  good  correlation  between  the  day-to-day  occurrence  of  spread-F 
at  Ahmedabad,  Kodaikanal  and  Singapore.  Spread-F  activity  decreased  at  Delhi 
and  became  negligible  at  Yamagawa., 

(2)  In  January  and  July,  spread-F  was  less  frequently  observed  at  Ahmedabad 
and  the  correlation  between  spread-F  at  Ahmedabad,  Kodaikanal  and  Singapore 
was  much  less  evident.  At  Yamagawa,  however,  there  were  more  occasions  with 
spread-F  in  January  and  July  than  in  March  and  October. 

An  examination  of  spread-F  and  magnetic  activity  at  Ahmedabad  was  also 
carried  out.  In  1956-1957,  on  118  days,  2F  at  Alibag  was  less  than  15,  on  132  days 
2F  was  ^  25  and  on  25  days  SF  was  ^  35.  The  daily  variation  of  spread-F  on 
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L.M.T.,  hr 

SD  variation  of  f0  at  different  places 


Fig.  11.  SD  variation  of/oF2  at  different  latitudes. 


Fig.  12. 


D,  variation  of  JqF2  at  Ahmedabad,  Watheroo  and  Washington. 
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each  of  these  three  groups  of  days  is  shown  in  Fig.  17.  It  can  be  seen  that  the  spread- 
F  activity  on  magnetically  disturbed  days  was  only  about  one-third  of  that  on  quiet 
days.  This  result  has  also  been  observed  at  Singapore,  Kodaikanal  (Figs.  13  to  16) 


Fig.  13.  Occurrence  of  spread -F  echoes  at 
Yamagawa,  Delhi,  Ahmedabad,  Kodaikanal 
and  Singapore  in  March  1956. 


Fig.  14.  Occurrence  of  spread-F  echoes  at 
Yamagawa,  Delhi,  Ahmedabad,  Kodaika- 
nal  and  Singapore  in  October  1956. 


Fig.  15.  Occurrence  of  spread -F  echoes  at 
Yamagawa,  Delhi,  Ahmedabad,  Kodaikanal 
and  Singapore  in  January  1956. 


Fig.  16.  Occurrence  of  spread -F  echoes  at 
Yamagawa,  Delhi,  Ahmedabad,  Kodaikanal 
and  Singapore  in  July  1956. 


and  Ibadan  (Weight  et  al,  1956).  It  differs  from  that  observed  in  middle  latitudes. 
Using  the  superposed-epoch  method,  the  spread-F  data  of  Ahmedabad  (®  =  13°-6 
N),  Kokubunji  (®  =  25°-5N)  and  Slough  (®  =  54°N)  were  examined.  Data  were 
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available  for  eighty-one  epochs  in  1956-1957  on  which  K  ^  25.  The  results  ure 
shown  in  Fig.  18.  It  is  clear  that  spread-F  at  Ahmedabad  decreased  with  increase 
in  K,  while  at  Slough,  it  increased  with  increase  in  K.  Spread-F  at  Kokubunji  was 


SPREAD  F  ON  MAGNETICALLY 
QUIET  &  DISTURBED  DAYS 


AHMEDABAD 


Q : QUIET  DAYS,  2K<I5,II8  DAYS 
D  : DISTURBED  ,  2K>25, 132  DAYS 
VD:VERY  DIST.  ,  2K»35,  25  DAYS 

(1956-1957) 

Fig.  17.  Occurrence  of  spread-F  at  Ahmedabad  on  magnetically  quiet  and  disturbed  days. 


(o) 


Days 


Fz  -scatter  and  magnetic  /t-index 

Analysis  of  data  on  81  epochs 
O  Day  with  SK> 25 
1956-1957 


(b) 


4) 

E 


2F(Alibog) 


Fig.  18.  (a)  Spread-F  and  magnetic  activity  at  Ahmedabad,  Kokubunji  and  Slough  with 
magnetic  K- index  at  Alibag  (superposed  epoch  method),  (b)  Relation  between  K-index 

and  spread-F  at  Ahmedabad  and  Slough. 


918 


82 


Fifth  Meeting  of  the  CSAGI 


small  and  not  appreciably  affected  by  magnetic  activity.  The  change-over  from 
positive  to  negative  correlation  takes  place  at  about  =  25°N  or  /  =  45°N. 

The  thanks  of  the  writers  are  due  to  the  Director  of  the  Radio  Research  Station, 
Slough,  the  Director  of  the  Radio  Research  Laboratories,  Japan,  the  Chief  Engineer, 
All  India  Radio  and  the  Director-General,  India  Meteorological  Department  for 
supplying  the  ionospheric  data  of  the  stations  maintained  by  them.  The  Alibag 
magnetic  data  were  taken  from  the  Indian  Journal  of  Meteorology  and  Geophysics. 
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Effect  on  the  Lower  Ionosphere  of 
X-rays  from  Scorpius  XR- 1 

Since  early  1960  we  have  been  recording  at  Ahmedabad 
the  field  strengths  of  radiowaves  of  164  kHz  transmitted 
from  Tashkent.  A  pronounced  minimum  recurred  night 
after  night  in  the  months  April  to  July,  the  local  time  of 
the  minimum  shifting  to  earlier  hours  as  the  days  advanced 
from  April  to  July. 

This  suggested  that  the  phenomenon  might  be  due  to 
increased  ionization  in  the  lower  D-region  of  the  iono¬ 
sphere  below  the  reflexion  level,  due  to  a  celestial  X-ray 
source.  Further  examination  showed  that  the  time  of 


2100  2200  2300  0000  0100  0200 


Fig.  1.  Field  strength  of  Tashkent  164  kHz  observed  at  Ahmedabad. 
Arrows  indicate  transit  of  Sco  XR-l. 


Fig.  2.  Changes  in  times  of  minimum  of  Tashkent  164  kHz  field  strengths 
received  in  April  to  July  1961. 


the  minimum  nearly  coincided  with  the  transit  of 
Scorpius  XR-l  across  71°  E,  which  is  the  one -hop  reflexion 
meridian  of  radiowaves  from  Tashkent  to  Ahmedabad 
(Figs.  1  and  2). 

It  is  known  from  the  observations  of  Giacconi  and 
Gorenstein,  Sandage  et  al.  and  of  NRL  scientists  that  the 
strongest  X-ray  source  in  the  northern  hemisphere  near 
32°  N  is  Scorpius  XR-l  (a=  16  h  17  m  and  8=  -  15°  31') 
and  that  it  has  a  spectrum  with  maximum  at  2  to  4  keV 
coming  down  to  about  0- 1  of  the  maximum  value  at  8  keV 
(G.  Fritz,  Spectra  of  Cosmic  X-ray  Sources,  NRL  Space 
Research  Seminar,  April  17,  1968). 

Fig.  3  plots  the  times  of  minimum  field  strength  of  164 
kHz  transmissions  from  Tashkent  observed  at  Ahmedabad 
on  individual  days  in  May-June  1960-63  against  the  time 
of  transit  of  Sco  XR-l  at  71°  E.  There  is  striking  agree¬ 
ment  between  the  observed  times  of  minimum  field 
strength  and  the  times  of  transit  of  Sco  XR-l. 


Nature  223,  488-489,  1969. 
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Fig.  3.  Times  of  minimum  field  strength  plotted  against  times  of  transit 

of  Sco  XR-1. 


The  Tashkent  transmissions  are  stopped  each  day 
between  0100  and  0400  h  LT.  The  vertical  incidence 
critical  frequency  corresponding  to  a  single -hop  of  164 
kHz  at  oblique  incidence  from  Tashkent  to  Ahmedabad 
is  about  27  kHz. 
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Abstract 

The  paper  summarises  the  results  of  observations  on  the  field  strength 
of  164  kHz  radio-waves  received  at  Ahmedabad  from  Tashkent  during 
the  period  1960-65.  There  is  a  general  increase  in  field  strength  with 
decrease  in  solar  activity.  From  the  end  of  1965  when  we  began  to  receive 
X-ray  data  from  N.R.L.  satellites,  it  has  been  noticed  that  increases  in  the 
intensity  of  0-8  A  at  satellite  level,  are  associated  with  daytime  decreases 
in  the  field  strength  of  164  kHz  waves  received  at  Ahmedabad.  As  may 
be  expected,  the  enhancement  of  0-8  A  X-rays  is  also  associated  in  a 
general  way  with  an  increased  emission  from  the  sun  of  10-7  cm.  radio¬ 
waves.  Examples  are  given. 


Introduction 

The  paper  presents  the  results  of  observations  on  long-term  changes  in  the 
field  strength,  of  164  kHz  radio-waves  received  at  Ahmedabad  (23°01'N, 
72°  36'  E)  from  Tashkent  (42c  N,  69°  E)  over  a  great  circle  distance  of 
2150  km.  during  the  period  March  1960  to  July  1965.  There  was  a  break 
in  the  recording  from  August  1964  to  April  1965,  when  the  receiver  used  for 
this  work  was  modified  for  use  in  a  radio  polarimeter.  A  new  receiver  of 
the  tuned  radio-frequency  type  was  constructed  and  put  into  commission 
in  April  1965.  Since  then,  the  recording  has  continued  without  interruption. 

Daytime  Variation  of  the  Signal  Strength 

An  account  of  the  diurnal  and  seasonal  changes  in  the  daytime  field 
strength  of  the  Tashkent  164  kHz  radio-waves  received  at  Ahmedabad  has 
been  given'  by  S.  K.  Aiurkar.1  Briefly,  the  signal  strength  variations  are 
significantly  different  in  the  two  seasons,  June  to  October,  corresponding  to 
local  summer,  and  November  to  May,  corresponding  to  winter  and  spring, 

60 
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In  the  summer  months,  the  field  strength  varies  regularly  with  the  posi¬ 
tion  of  the  sun,  attaining  a  maximum  around  noon.  In  the  non-summer 
months,  the  field  strength  shows  oscillations  in  the  morning  and  afternoon 
hours. 


Diurnal  Variation  in  the  Field  Strength  from  1960-65 

The  diurnal  changes  in  field  strength  for  the  period  1960-65  are  shown 
in  Figs.  1  and  2,  where  the  monthly  mean  field  strengths  for  July,  September 
and  January,  April  are  shown  for  each  year.  The  change  in  noon  absoro- 
tion  between  July  1960  and  July  1964  was  about  10  decibels,  with  nearly  the 
same  difference  in  September.  The  most  interesting  feature  in  the  diagrams 
is  the  steady  increase  in  field  strength  from  1960  or  1961  to  1964,  the  nature  of 
the  diurnal  variation  remaining  practically  the  same  in  each  of  these  months. 

Figure  2  shows  the  field  strength  curves  for  the  two  non-summer 
months,  January  and  April.  A  similar  increase  in  field  strength  with 


Fig.  1  Fig.  2 

Fig.  1.  Mean  daily  variation  of  field  strength  of  164  kHz  waves  transmitted  from  Tashkent 
and  received  at  Aihmedabad — July  and  September  1960-65. 

Fig.  2.  Mean  daily  variation  of  field  strength  of  164  kHz  waves  from  Tashkent  and  received 
at  Ahmedabad— January  and  April  1960-64. 
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decreasing  solar  activity  is  also  evident  here.  There  is  however  no 
pronounced  increase  in  noon  field  strength  in  these  months. 

Annual  Change  in  the  Daytime  Field  Strength  at  Ahmedabad 

The  seasonal  and  yearly  variations  of  the  observed  noon  signal  strength 
from  March  1960  to  January  1966  are  shown  in  Fig.  3.  The  changes  are 
given  in  terms  of  the  absorption  loss  in  decibels  ( db ).  The  method  of  cal¬ 
culation  was  as  follows: 

In  the  A-3  method  of  calculating  absorption  at  low  frequencies,  the  ratio 
of  sky  to  ground  wave  is  used  to  estimate  the  reflection  coefficient.  The 
absorption  can  then  be  determined  using  a  simple  relation.  Since  the  great 
circle  distance  between  Tashkent  and  Ahmedabad  is  large,  the  ground-wave 
signal  would  be  very  small,  rendering  the  use  of  this  method  impracticable. 
An  alternative  approach  to  the  problem  was  by  making  use  of  the  night¬ 
time  signal  strength,  since  there  is  an  insignificant  amount  of  absorption 
below  the  E-region  at  night.  A  careful  study  of  the  night-time  signal  strength 
between  1960  and  1964  brought  out  two  features  clearly:  (a)  The  field 
strength  in  any  month  reaches  a  maximum  at  about  midnight ;  ( b )  the  field 
strength  increased  with  decreasing  solar  activity  reaching  its  maximum  value 
in  1963-64.  The  mean  midnight  field  strength  for  this  period  (Em)  on  nights 
undisturbed  by  atmospherics  was  taken  to  be  a  measure  of  the  unabsorbed 
sky-wave  field  strength.  The  ratio  EnIEm  where  En  is  the  mean  noon-day 
signal  strength  was  then  used  to  calculate  the  absorption  loss  using  the 
relation 

L  (db)  =  —  20  log  En/Em. 

The  noon  absorption  determined  in  this  way  is  shown  by  the  broken 
line  in  Fig.  3.  In  the  same  figure  is  shown  the  absorptior.  loss  corrected 
for  the  variation  of  the  noon-zenith  angle  of  the  sun  with  season.  For  this 
purpose  the  relation 

Lx  =  L0  cosnx 

where  x  is  the  solar-zenith  distance  at  noon,  was  used.  The  value  of  the 
index  «<  was  found  by  measuring  the  slope  of  the  straight  line  obtained  by 
plotting  the  absorption  loss  in  decibels  against  the  zenith  angle  of  the  sun 
on  logarithmic  paper.  The  mean  value  came  out  to  be  «=0*6. 

It  is  evident  from  Fig.  3  that  the  164  kHz  signal  strength  between  Tash¬ 
kent  and  Ahmedabad  is  correlated  in  a  general  way  with  sunspot  activity 
but  there  is  no  detailed  correlation. 
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Fig.  3.  Variation  of  monthly  noon  absorption  of  164  kHz  radio-waves  (1960-65)  with 
sunspot  numbser. 

Solar  X-ray  Emissions  and  Ther  Effect  on  Signal  Strengths  of 

Reflected  Long  Radio-Waves 

The  immediate  effect  of  solar  flares  on  the  reflection  of  long  radio¬ 
waves  is  well  known.  It  has  been  established  that  the  effect  is  due  to  the 
ionization  of  the  lov/er  part  of  the  D-layer  by  solar  X-rays  in  the  kev  region. 
Three  examples  of  the  effect  are  shown  in  Fig.  4  where  the  changes  in  signal 
strength  of  Tashkent  164  kHz  waves  received  at  Ahmedabad  are  shown 
against  the  times  of  reception  of  solar  X-rays  in  Oso  I  and  Ariel  Satellites 
on  21  April  and  l  and  3  May  1962. 

In  a  previous  paper,2  we  had  pointed  out  that  in  addition  to  the  general 
increase  in  field  strength  (decrease  in  absorption)  with  the  gradual  decrease 
in  solar  activity  from  1960  to  1965,  there  were  groups  of  twc  to  six  days  of 
high  daytime  intensity  which  were  sometimes  preceded  by  a  solar  flare. 

Early  in  1966,  on  comparing  the  day-to-day  signal  strengths  of  164  kHz 
received  at  Ahmedabad  with  the  X-ray  fluxes  (0-8  A  and  8-20  A)  from 
N.R.L.  satellites  recorded  at  the  satellite  telemetry  station  at  Ahmedabad 
the  interesting  fact  was  noticed  that  on  a  number  of  occasions  when  the 
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0-8  A  X-ray  flux  increased  in  intensity,  the  signal  strength  fell  down  and 
vice  versa.  This  effect,  unlike  the  well-known  solar  flare  effect,  persisted 
during  day  hours  for  a  number  of  days  at  a  time. 


SIGNAL  STRENGTH  OF 
TASHKENT  I64KHZ.  ANU 
SOLAR  X  RAY  EMISSIONS 


(TIMES  IN  UT) 


Fig.  4.  Signal  strengths  of  Tashkent  164  kHz  received  at  Ahmedabad  and  solar  X-rays  from 
flares,  telemetered  from  Osol  and  Ariel  satellites. 


Figures  5  and  6  show  a  comparison  of  the  field  strengths  at  Ahmedabad 
and  solar  X-ray  fluxes  in  the  two  bands  0-8  A  and  8-20  A  in  March,  April 
and  July,  August  1966.  The  field  strengths  relate  to  the  noon  hours  11-13  brs. 
local  time  and  the  X-ray  fluxes  are  the  average  values  during  the  day  accord¬ 
ing  to  the  data  published  from  World  Data  Centre  A.  The  high  field  strength 
on  2-12  March  and  the  corresponding  low  X-ray  fluxes  are  very  striking; 
similarly,  the  low  field  strengths  from  14-22  March  and  the  corresponding 
high  X-ray  fluxes.  There  are  similar  changes  in  other  months  also.  In 
July  (Fig.  7)  the  low  field  strengths  from  the  27rd  to  29th  were  associated 
with  comparatively  high  X-ray  fluxes  in  0-8  A  band.  In  the  period  7-12 
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Fig.  5.  Solar  X-ray  flux,  C-8  A  and  8-20  A  and  Tashkent  164  kHz  field  strength  at  Ahmeda- 
bad — March  and  April  1966. 


Fig.  6.  Solar  X-ray  flux,  0-8  I  and  8-20  A  and  Tashkent  164  kHz  field  strength  at  Ahmeda- 
bad — July  and  August  1966. 
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July  there  were  high  fluxes  in  both  bands,  but  the  signal  strengths  were  not 
markedly  low.  This  and  a  few  other  similar  occurrences  suggest  that  while 
the  0-8  A  band  causes  a  decrease  in  signal  strength,  the  8-16  A  band  has 
perhaps  an  opposite  influence.  The  resultant  effect  will  therefore  depend 
on  the  relative  strengths  of  the  radiation  in  the  two  bands. 


Fig.  7.  Intensity  of  solar  X-rays  (0-8  1)  and  of  10-7  cm.  radio-waves  in  March  and  July 
1966. 

The  persistence  of  low  values  of  L.F.  signal  strengths  for  many  days 
during  a  period  of  enhancement  of  non-flare  solar  X-rays  and  their  absence 
at  night  suggests  that  the  ionization  produced  by  these  X-rays  exists  in  the 
form  of  negative  ions,  and  that  electrons  are  liberated  from  the  negative 
ions  during  daytime  by  photo-dissociation.  Various  molecular  ions  have 
been  suggested  as  being  responsible  for  this,  N02~,  02~  and  recently  C03~. 
More  laboratory  and  mass  spectrometry  work  is  required  to  elucidate  this. 

It  may  be  mentioned  that  as  may  be  expected,  the  enhancement  of  solar 
X-rays  in  the  0-8  A  band  is  associated  in  a  general  way  with  an  increased 
emission  from  the  sun  of  10-7  cm.  radio- waves.  An  example  is  given  in 
Fig.  7. 
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SISIR  KUMAR  MITRA  MEMORIAL  LECTURE 

by  K.  R.  Ramanathan,  F.N.I.,  Physical  Research  Laboratory, 
Navarangpura,  Ahmedabad 

(Delivered  on  May  5,  1967) 

We  have  met  here  today  to  honour  the  memory  of  Sisir  Kumar  Mitra, 
pioneer  of  modern  scientific  radio  in  India.  I  would  have  said  ‘  the  pioneer 
but  I  remember  the  earlier  work  of  Acharya  Ja.gadish  Chandra  Bose,  whose 
investigations  on  electromagnetic  waves  in  the  centimetre-wave  length  region 
and  the  coherer  were  the  forerunners  of  microwave  radio  and  transistors. 
Today,  there  is  hardly  any  branch  of  science  which  is  unaffected  by  radio 
and  electronics.  Prof.  Mitra ’s  interests  were  versatile,  and  in  his  preface  to 
the  first  edition  of  his  book  on  ‘  The  Upper  Atmosphere  ’,  he  wrote,  *  In  spite 
of  the  many  and  varied  contributions  to  its  study  by  theoretical  and  solar 
physicists,  geomagneticians,  meteorologists  and  others,  there  hardly  existed 
a  book  dealing  with  the  subject  as  a  whole  and  in  a  comprehensive  maimer.  * 
My  own  interest  in  the  subject  of  *  The  Earth  and  Its  Environment  ’  being 
somewhat  similar  to  Prof.  Mitra’s,  it  gives  me  particular  pleasure  to  have 
this  opportunity  of  paying  my  tribute  of  admiration  to  Acharya  Sisir  Kumar 
Mitra  as  an  erudite  scholar,  investigator  and  writer  and  as  a  great  teacher 
and  organizer  of  radio  and  related  sciences  in  India. 

Sisir  Kumar  Mitra  was  bom  in  Calcutta  on  24  October  1890,  and  after 
a  bright  school  and  college  career  took  his  M.Sc.  in  Physics  from  the  Presidency 
College,  Calcutta,  in  1912.  He  served  for  a  few  years  as  a  Lecturer  in  Physics 
in  Colleges  at  Bhagalpur  and  Bankura  and,  being  anxious  to  find  his  career 
in  science,  returned  to  Calcutta.  He  worked  for  a  short  time  under  Sir  J.  C. 
Bose,  and  later  joined  Prof.  Raman  who  was  building  up  a  vigorous  school 
of  Physical  Optics  at  210  Bowbazar  (Indian  Association  for  the  Cultivation 
of  Science)  and  at  the  University  College  of  Science.  Working  on  problems 
of  diffraction,  Mitra  obtained  his  doctorate  degree  (D.Sc.)  from  the  Calcutta 
University  in  1919  and  was  appointed  Lecturer  in  Physics  in  the  University 
College  of  Science. 

Shortly  after,  the  Calcutta  University  deputed  Dr.  Mitra  to  France  for 
further  work,  and  there  he  continued  his  optical  studies  under  Prof.  C.  Fabry 
and  in  1922  obtained  the  D.Sc.  of  the  Paris  University  with  a  thesis  on 
‘Spectroscopic  standards  in  near  ultraviolet’.  While  in  France,  Mitra  got 
interested  in  thermionic  valves  and  radio  frequency  oscillations  in  discharge 
tubes  and  worked  for  some  months  with  Prof.  Gutton  in  the  University  of 
Nancy.  Realizing  that  radio  had  a  great  future,  both  for  exploring  the 
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upper  atmosphere  and  as  the  most  important  technique  for  communications, 
Mitra  decided  that  his  main  work  in  India  should  be  to  build  up  a  School 
of  Radio  Science.  He  wrote  about  his  desire  to  Sir  Ashutosh  Mukherjee, 
the  farseeing  Vice-Chancellor  of  the  Calcutta  University,  who  promptly 
sent  him  the  following  characteristic  reply.  ‘The  course  of  investigation 
you  suggest  as  to  signals  by  wireless  telegraphy  is  very  attractive.  Do  please 
draw  up  a  scheme  and  make  it  as  inexpensive  as  possible.  I  shall  see  what 
we  can  do.  But  you  may  rest  assured  that  there  will  be  plenty  of  opposition. 
That  need  not  frighten  us,  we  shall  have  to  fight  our  way  through.*  On 
his  return  to  India  in  1923,  Dr.  Mitra  was  appointed  Khaira  Professor  of 
Physics  in  the  Calcutta  University  and  he  immediately  set  about  building  up 
a  Wireless  Laboratory  with  the  assistance  of  post-graduate  students.  By 
1925,  Mitra  set  up  an  Amateur  Broadcasting  Station  at  the  Khaira  Laboratory. 
At  about  the  same  time  a  group  of  radio  enthusiasts  had  organized  a  Radio 
Club  in  Calcutta  and  with  the  assistance  of  a  private  company  called  *  The 
Indian  States  and  Eastern  Agency*  had  set  up  a  broadcast  receiver  and  trans¬ 
mitter  to  receive  BBC  broadcasts  from  England  and  transmit  evening  broad¬ 
casts  for  the  local  public.  A  similar  club  was  started  at  Bombay  also.  These 
continued  to  function  till  the  Indian  Broadcasting  Company  took  over  the 
transmissions  and  installed  more  powerful  transmitters  at  both  Calcutta 
and  Bombay. 

In  1925  Appleton  and  Barnett  in  the  U.K.  and  Breit  and  Tuve  in  the  U.S.A. 
demonstrated  the  existence  of  stratified  layers  in  the  atmosphere  from  reflec¬ 
tions  of  vertically  incident  radio  waves.  Mitra  was  greatly  excited  by  this 
discovery  and  wanted  to  find  out  whether  similar  layers  existed  over  the  tropics. 
Making  use  of  the  Indian  Broadcasting  Company’s  transmitter  at  Calcutta 
which  could  transmit  on  4  MHz,  he  installed  receiving  and  recording  equipment 
at  a  place  75  km  from  Calcutta,  and  showed  that  he  could  receive  echoes 
from  the  E  layer.  Similarly,  using  800  kHz  transmission  from  the  Khaira 
Laboratory,  he  could  obtain  reflections  from  the  D  layer.  The  diurnal  and 
seasonal  variations  of  the  virtual  heights  of  the  D  and  E  layers  were  then 
studied.  This  was  in  1930.  As  the  second  International  Polar  Year  was  to 
come  off  in  1 932-33, ^Dr.  Mitra  and  his  colleague,  Mr.  H.  Rakshit,  built  up  a 
pulse  reflection  equipment  in  time  to  take  part  in  the  second  Polar  Year. 
Between  1930  and  1936,  various  other  experimental  and  theoretical  investi¬ 
gations  were  started.  Among  these  were  the  diurnal  and  seasonal  variations 
of  the  ionospheric  layers  and  attempts  to  explain  the  formation  of  the  layers 
by  the  dissociation  and  ionization  of  atmospheric  constituents  by  solar  ultra¬ 
violet  radiation. 

Prof.  Mitra  and  Prof.  M.  N.  Saha  realized  the  importance  of  building 
up  a  network  of  ionospheric  observatories  in  different  regions  of  the  world. 
In  1935,  shortly  after  the  inauguration  of  the  National  Institute  of  Sciences, 
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Mitra  presented  a  ‘Report  on  the  present  state  of  our  knowledge  of  the 
ionosphere  ’  at  a  symposium  organized  by  the  National  Institute.  In  1936, 
after  he  became  Rash  Behari  Ghosh  Professor  of  Physics,  Mitra  went  on  a 
visit  to  England  and,  while  there,  took  the  opportunity  to  interest  Prof. 
Appleton  and  other  leading  ionospheric  scientists  of  Britain  in  the  setting 
up  of  a  Radio  Research  Board  in  India.  It  has  to  be  remembered  that  India 
was  still  a  part  of  the  British  Empire.  However,  it  was  only  World  War  II 
that  made  the  U.K.  and  other  countries  realize  the  importance  of  ionospheric 
data  in  the  tropics  for  planning  world-wide  communications  and  the  C.S.I.R. 
in  India  agreed  to  set  up  a  Radio  Research  Board.  This  was  in  1942.  Prof. 
Mitra  was  appointed  the  first  Chairman  of  the  Board  and  remained  in  that 
capacity  till  1948.  By  1946,  both  the  British  and  Japanese  scientists  made 
the  surprising  discovery  that  the  maximum  noon  and  afternoon  values  of 
/0F2  were  found  not  in  the  sub-solar  region  where  the  maximum  ion  production 
may  be  expected,  but  at  two  latitudes  on  either  side  of  the  magnetic  (dip) 
equator.  As  soon  as  the  discovery  was  announced,  Mitra  suggested  the 
following  explanation.  At  the  magnetic  equator,  the  magnetic  lines  of  force 
are  highest  and  slope  towards  the  north  and  south.  High  above  the  F2 
layer,  the  collision  frequency  of  electrons  and  ions  is  small  and  they  will  be  free 
to  spiral  round  the  lines  of  force.  They  will  be  guided  to  move  along  the 
lines  of  force  and  move  downward  to  lower  levels  and  contribute  to  increased 
ionization  at  two  latitudes  on  either  side  of  the  dip  equator.  He  showed  that 
electrons  and  ions  at  600-1,200  km  above  the  magnetic  equator  would  reach 
the  F2  region  at  the  appropriate  latitudes.  D.  P.  Martyn  (1955)  supplemented 
this  explanation  by  showing  that,  over  the  dip  equator,  there  will  be  increased 
conductivity  due  to  Hall  effect  and  upward  movement  of  plasma  by  electro¬ 
dynamic  lift  and  that  this  will  be  followed  by  diffusion  down  the  lines  of 
magnetic  force. 

Mitra ’s  1935  ‘Report  on  the  present  state  of  our  knowledge  of  the 
ionosphere  ’  formed  the  basis  of  his  well-known  treatise  on  the  Upper  Atmo¬ 
sphere  which  was  published  by  the  Asiatic  Society  of  Bengal  in  1947  and  even 
now  forms  an  outstanding  introduction  to  Aeronomy.  The  effort  of  Prof. 
Mitra  and  his  team  of  research  workers  in  preparing  the  book  proved  very 
helpful  in  channelling  'radio-associated  geophysical  studies  in  India  and 
abroad.  The  growing  needs  of  Communication  Engineering  and  Broadcasting 
required  a  large  number  of  young  men  with  sound  knowledge  of  radio  physics, 
and  Mitra ’s  book  served  as  a  good  comprehensive  introduction  to  this  subject. 
A  second  edition  of  the  book  was  published  in  1952. 

In  1949,  Prof.  Mitra  induced  the  University  of  Calcutta  to  establish  a 
sej)arate  Institute  of  Radio  Physics  and  Electronics  where  post-graduate 
students  could  be  systematically  trained.  The  Calcutta  School  of  Radio 
Physics  and  the  Department  of  Communication  Engineering  in  the  Indian 
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Institute  of  Science,  Bangalore,  have  been  responsible  for  training  the  majority 
of  senior  Telecommunication  Scientists  and  Engineers  now  working  in  the 
country. 

Dr.  Mitra  was  happy  when  in  1949  the  University  of  Calcutta  with  the 
assistance  of  the  C.S.I.R.  and  the  Ministry  of  Education  agreed  to  transfer  the 
Ionospheric  Eield  Station  from  the  electrically  disturbed  Upper  Circular 
Road  to  Haringhata.  Although  arrangements  for  the  transfer  of  the  station 
were  started  in  1949,  systematic  work  could  begin  at  Haringhata  only  in 
1955.  In  the  same  year,  Dr.  Mitra  retired  from  the  Ghosh  Professorship  of 
the  University  and  his  student,  Professor  J.  N.  Bhar,  succeeded  him.  This 
did  not,  however,  mean  any  cessation  of  Dr.  Mitra’s  scientific  activities.  He 
continued  as  Emeritus  Professor  in  the  University  and  could  give  more 
attention  to  the  editing  of  £  Science  and  Culture  ’,  an  activity  which  was  after  his 
heart.  The  Government  of  West  Bengal  requisitioned  his  services  as  Adminis¬ 
trator  of  the  Board  of  Secondary  Education.  In  this  capacity,  he  was  able 
to  impress  on  the  authorities  the  need  for  raising  the  standard  of  teaching 
of  science  in  schools. 

Prof.  Mitra  held  many  important  Offices  such  as  the  Secretaryship  of 
the  Indian  Science  Congress  (1939-1944).  He  was  its  General  President 
in  1955.  Prof.  Mitra  was  a  founder-member  of  the  National  Institute  of 
Sciences  and  was  its  President  in  1959-60.  He  was  elected  a  Eellow  of  the 
Royal  Society  in  1958  and  appointed  National  Professor  in  1962.  In  the 
same  year,  he  received  the  Presidential  award  of  Padma  Bhushan. 

Dr.  Mitra  chose  an  exciting  new  field  for  his  work,  and  devoted  himself 
whole-heartedly  to  its  development.  He  achieved  a  highly  respected  position 
among  his  colleagues  both  in  India  and  abroad.  He  had  his  trials  in  life, 
losing  his  wife  in  1939  and  his  eldest  son  in  1961,  but  knowing  his  duty 
(swadharma),  and  intent  on  doing  it  well,  I  believe  he  was  able  to  find  consol¬ 
ation  and  fulfilment  in  life.  Mitra’s  example  of  devoted  service  in  the  cause 
of  Science  and  Education  should  serve  as  an  inspiration  to  younger  workers. 
The  band  of  active  scholars  whom  he  trained,  and  who  are  today  continuing 
his  work,  are  to  my  mind  his  greatest  contribution  to  the  country. 

The  first  edition  of  Prof.  Mitra’s  book  on  the  Upper  Atmosphere  was 
published  by  the  Asiatic  Society  of  Bengal  in  1947  and  the  second  edition  in 
1952.  In  the  concluding  remarks  of  his  book,  Mitra  wrote,  ‘The  greatest 
obstacle  to  the  study  of  the  upper  atmosphere  is  undoubtedly  the  lack  of 
our  direct  and  precise  knowledge  of  the  energy  distribution  in  the  near  and 
extreme  ultraviolet  radiation  of  the  sun.’  He  hailed  the  advent  of  instru¬ 
mented  rockets  for  sounding  the  upper  atmosphere  which  began  in  1946 
after  World  War  II.  The  next  important  advance  came  in  October  1957  when 
the  Russians  sent  up  their  first  Sputnik,  and  this  was  closely  followed  by  the 
launching  of  Explorer  I  by  the  U.S.A.  A  tremendous  amount  of  knowledge 
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regarding  the  earth  and  its  environment  and,  in  particular,  the  wave  and 
particle  radiations,  which  continually  reach  the  earth  from  the  sun  and  space, 
has  accumulated  since  then.  Prof.  Mitra  himself  summarized  some  of  the 
advances  made  after  1952  in  three  important  lectures: 

1955 — Science-  and  Progress,  the  Study  of  Radio-electronics .  Presidential 
Address  at  the  Baroda  Session  of  the  Indian  Science  Congress. 

1960 — Upper  Atmosphere  and  Space  Exploration.  Anniversary  Address 
to  the  Silver  Jubilee  Session  of  the  National  Institute  of  Sciences. 

1963 — Physics  of  the  Earth’s  Outer  Space.  Seventh  Meghnad  Saha 
Memorial  Lecture. 

I  shall  now  give  a  brief  summary  of  a  few  important  recent  developments 
in  some  aspects  of  ionospheric  physics  and  aeronomy  in  which  Prof.  Mitra 
was  deeply  interested. 

From  the  information  gathered  at  different  levels  in  the  atmosphere  by 
instrumented  rockets  and  satellites  supplemented  by  ionospheric  and  solar 
radiation  observations  made  at  ground  stations,  we  have  now  a  fairly  clear 
idea  of  the  densities,  temperature  and  composition  of  the  earth’s  atmosphere 
and  of  the  radiations  which  are  responsible  for  the  ionosphere  and  its  variations. 
Fig.  1  shows  a  picture  of  the  variation  of  air  density  with  height  derived 


Fig.  1.  Variation  of  air  drnsity  with  height  from  satellite  drag  observations  for  the 
years  1959  and  1962-64.  Also  thermosphere  temperatures  above  400  km  (after  King-Helle 
and  Quinn  (1965)  and  Jacchia  (1965)). 

from  observations  of  the  decelerations  of  Satellites  caused  by  the  viscous 
drag  of  the  atmosphere.  The  density  above  200  km  has  a  strong  diurnal 
variation  and  also  variations  with  solar'  activity  as  manifested  by  the  changes 
in  the  intensity  of  solar  radio  waves  of  wavelength  10*7  or  8  cm  and  of  the 
geomagnetic  index  of  activity.  There  are  also  corresponding  variations  in 
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tlie  temperature  of  the  thermosphere  which  are  shown  at  the  top  of  the 
figure.  These  have  been  elucidated  by  the  work  of  Nieolet,  Harris  and 
Priester,  Jacchia,  King-Helle  and  their  collaborators. 

A  good  summary  of  solar  radiation  in  the  ultraviolet  and  X-ray  regions 
is  available  in  a  paper  by  Hinteregger  et  al.  (1965).  Fig.  2  shows  the  mean 
solar  flux  outside  the  atmosphere  in  ergs  cm-2  sec-1  (lOA.)-1  from  3000  to 


0  200  400  600  8  00  1000  !200  1400  1600  1800  2000 


Fig.  2.  Mean  solar  flux  outside*  the  atmosphere  in  ergs  cm  2  seo-1  (10A.)  1  from  3000  to 
30A.  as  for  epoch  1963  (after  Hinteregger  et  al.  (1965)). 

30A.  as  for  epoch  1963.  While  the  continuous  electromagnetic  radiation  near 
1400  A.  corresponds  to  black  body  radiation  of  about  4700°  K,  the  radiations 
at  higher  frequencies  are  mainly  line  emissions  from  the  chromosphere  and 
corona  and  correspond  to  steadily  increasing  temperatures.  At  wavelengths 
shorter  than  400  A.,  the  emission  varies  considerably  with  solar  activity. 
Large  increases  in  X-ray  flux  at  0-20  A.  occur  during  solar  flares. 

Fig.  3  shows  the  heights  at  which  the  intensity  of  solar  radiation  of  wave¬ 
lengths  below  3000  A.  fall  to  1/e  of  its  extra-terrestrial  value  due  to  absorption 
by  the  constituents  of  the  atmosphere,  08,  08,  NO,  O  and  N2.  Ly  a  radiation 
and  X-rays  of  wavelength  1-20A.  are  responsible  for  the  D  region  of  the 
ionosphere. 
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Fig.  3.  Heights  at  which  the  intensities  of  solar  radiation  of  wavelengths  3000-30A.  fall 
to  i/e  of  their  extra-terrestrial  values  at  normal  incidence  (Friedman  1960). 


Fig.  4  shows  examples  of  two  solar  flares  on  1-5-62  and  3-5-62  which 
were  accompanied  by  strong  X-ray  emissions  as  recorded  by  OSO  I  and  Ariel 
satellites  and  produced  characteristic  disturbances  in  the  field  strength  record 
of  164  kHz  radio  transmissions  from  Tashkent  received  at  Ahmedabad.  In 
some  flares,  as  in  the  one  on  1  May  1962,  the  field  strength  undergoes  an 
initial  sharp  fall  and  rapid  recovery  indicating  that  ionization  is  produced  at 
low  levels  in  the  atmosphere  where  the  collision  frequency  is  high.  Normal¬ 
ly,  the  sudden  commencement  in  the  field  strength  record  is  followed  by 
increased  field  strength,  a  comparatively  slow  fall  lasting  half  to  one  hour 
and  recovery.  Recently,  it  has  been  observed  at  Ahmedabad  that,  on  a 
number  of  successive  days,  the  daytime  intensity  of  low  frequency  radio 
waves  is  enhanced  and  this  is  followed  by  some  days  of  decreased  intensity. 
It  has  also  been  found  that  the  decrease  in  field  strength  is  associated  with 
an  increase  in  solar  X-ray  flux  on  0-8A.  and  8-20A.  as  recorded  by  NRL 
satellites.  The  approximate  inverse  relationship  between  solar  X-ray  flux 
and  the  daytime  field  strength  of  164  kHz  waves  from  Tashkent  is  shown  in 
Fig.  5. 

The  absorption  of  UV-  and  X-ra.ys  is  accompanied  by  dissociation  of 
02,  ionization  of  molecules  and  atoms,  dissociative  recombinations,  and 
conversion  of  the  excess  energy  of  photo -electrons  into  heat  by  collisions  with 
ions  and  neutral  molecules. 

The  dominant  positive  ions  in  the  ionosphere  are : 


Below  96  km 

95-140  km 

150-700  km 
Above  700  km 

N*  and  N+  are  minor 
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In  the  upper  part  of  the  ionosphere,  the  particles  tend  to  be  distributed 
according  to  diffusive  equilibrium.  The  movements  of  electrons  and  ions 
are  largely  controlled  by  the  geomagnetic  field. 


ARIEL  PEAK  X-RAYS 
2-14  A  AT  0655UT 


Fig.  4.  Effect  of  solar  X-ray  flares  on  the  field-strength  of  low  frequency  (164  kHz)  radio 
waves  propagated  from  Tashkent  to  Ahmedabad  (Ramanathan  and  Ananthakrishnan  1967). 

I  have  already  referred  to  the  equatorial  anomaly  in  the  F2  region  of 
the  ionosphere  whose  explanation  was  first  suggested  by  Prof.  Mitra.  Pig.  6 
shows  the  mean  annual  noon  values  of  fdF2  at  stations  with  magnetic  dip 
ranging  from  90°  N  to  80°  S  in  the  years  1957-58  and  1953-54.  The  anomaly 
is  more  pronounced  in  years  of  low  solar  activity.  The  apparent  diffusion 
of  fQF2  peaks  in  1957-58  is  due  to  the  fact  that,  in  high  sunspot  years  in  winter, 
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Fig.  5.  0-8  and  8-20A.  X-ray  emissions,  10-7  solar  radio  waves  field  strengths  of  164  kHz  transmissions  from  Tashkent  received 

at  Ahmedabad  (Ramanathan  and  Ananthakrishnan  1967). 
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SOUTH  NORTH 
MAGNETIC.  DIP  (DEGREE) 

Fig.  6.  Equatorial  anomaly  in  f0F2  at  local  noon  in  high  and  low  sunspot  years 
(Rastogi  1966). 
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Fig.  7.  Daily  growth  and  decay  of  the  equatorial  anomaly  in  /0F2  over  the  northern 
hemisphere  in  years  of  high  (1969)  and  low  (1964)  solar  activity  (Rastogi  1966). 
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another  spur  develops  during  the  day  at  60°  to  70°  dip,  and  this  is  superposed 
on  the  two  symmetrical  humps  on  either  side  of  the  equator  (Thomas  1963) 
averaging  the  data  over  the  whole  year  smooths  out  the  humps.  The  daily 
growth  and  decay  of  the  equatorial  anomaly  over  the  northern  hemisphere  in 
1959  and  1964  are  shown  in  Fig.  7.  The  peaks  are  not  noticeable  at  04  to  06  hr. 
They  develop  first  over  the  magnetic  equator  and  move  towards  the  poles. 
They  decay  after  16-18  hr,  but  persist  much  later  in  the  night  in  years  of 
high  solar  activity.  In  1964,  a  wave  of  high  electron  density  could  be  seen 
to  be  moving  from  higher  latitudes  towards  the  equator. 

The  daytime  equatorial  anomaly  exists  not  only  at  the  f0F2  level  but 
also  at  lower  and  higher  levels.  Fig.  8  shows  the  mean  noon  electron  density 
distribution  over  Singapore  longitude  in  the  equinoctial  months  of  1957. 
The  anomaly  can  be  seen  at  all  levels  between  200  km  and  360  km. 
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Fig.  8.  Noon  electron  density  profiles  below  F2  peak  calculated  from  ionograms  (Croom 
et  al.  1959). 


An  important  development  took  place  in  1962  when  ionosondes  were 
installed  in  the  U.K.  Ariel  satellite  and  in  the  Canadian  Alouette  satellite. 
Sweep -frequency  radio -waves  are  transmitted  downward  from  a  level  of 
about  1000  km  and  the  reflections  are  recorded  continuously  as  the  satellite 
moves  in  its  orbit.  They  are  relayed  to  command  stations  located  in  different 
parts  of  the  globe.  The  electron  density  distributions  on  the  top  side  of 
the  F2  peak  can  be  calculated  from  the  ionograms.  A  sample  electron  density 
distribution  obtained  from  observations  over  Singapore  longitude  in  1964 
is  shown  in  Fig.  9.  The  curved  line  running  through  the  electron  peaks  at 
different  levels  from  390  to  650  km  represents  the  geomagnetic  field  line. 
The  anomaly  persisted  up  to  about  600  km.  Similar  field -aligned  ducts 
have  been  observed  to  occur  temporarily  at  higher  levels  also. 

An  important  new  technique  which  has  been  introduced  for  studying 
movements  in  the  ionosphere  is  by  injecting  from  rockets  vapours  of  substances 
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Fig.  9.  Electron  density  profile  above  /0F2  over  Singapore  longitude  Alouette  satellite 
data  (King  1963). 


Fig.  10.  Sodium  vapour  trail  released  from  Thumba  during  evening  twilight  of  23-11-63 
and  photographed  at  Palayamkottai  500  sec  after  the  launch  of  the  rocket.  Both  upward 
and  downward  traces  can  be  seen  (Bhavsar  and  Rao  1965). 


941 


Ram  an  at  han.  Proc.  nai.i.  Inst.  Sci.  India,  Vol.  35,  A,  Plate  XIV 

like  sodium,  barium  and  aluminium  oxide.  When  sunlight  falls  on  sodium 
vapour  in  the  rarefied  atmosphere,  the  vapour  emits  resonance  radiation  and 
can  be  photographed.  Fig.  10  shows  a  photograph  taken  at  Palayamkottai 
500  sec  after  the  launch  of  the  rocket  which  released  sodium  vapour  in  the 
atmosphere  over  Thumba  when  the  rocket  was  coming  down  after  reaching  its 
summit.  The  sharp  changes  in  the  trail  indicate  wind  shears  at  about  105  km, 
115-120  km  and  130  km.  The  diffusion  above  140  kms  is  rapid.  The  bright 
disk  is  that  of  the  moon.  When,  instead  of  sodium  vapour,  barium  vapour  is 
released  during  twilight  in  the  ionosphere,  some  of  the  atoms  get  ionized. 
While  the  neutral  atoms  of  strontium  (which  is  also  present)  diffuse  symmetric¬ 
ally  round  the  place  of  release,  the  ionized  atoms  of  barium  move  along  the 
lines  of  magnetic  force  and  also  drift  perpendicular  to  the  magnetic  field. 
Sr  and  Ba+  can  be  distinguished  by  the  difference  in  their  wavelengths.  The 
elliptical  cloud  seen  in  the  picture  (Fig.  11)  is  the  glow  of  ionized  barium 
(Max  Planck  Institute). 


Fig.  11.  Photograph  of  barium  vapour  clouds  at  160  km,  500  sec  after  release.  Note 
the  elongated  patch  of  Ba+  separated  from  the  neutral  Sr  patch  (Haerendel  et  al.  1967). 

The  time  is  too  short  to  say  anything  about  the  many  other  developments 
of  great  interest,  such  as  incoherent  scatter  technique  by  which  electron 
densities  and  electron  and  ion  temperatures  up  to  more  than  6,000  km  have 
been  determined  with  the  help  of  powerful  radars  or  of  aurorae,  radiation 
belts  and  the  magnetosphere. 

I  am  indebted  to  articles  by  Prof.  S.  R.  Khastgir,  Prof.  J.  N.  Bhar, 
Shri  S.  N.  Mitra  and  others  for  some  of  the  informations  contained  in  the 
above  sketch. 
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1 .  Introduction 

An  X-ray  source  in  the  constellation  Scorpio  in  our  galaxy  was  discovered 
in  1962  by  R.  Giacconi,  H.  Gursky,  P.  R.  Paolini  and  B.  Rossi  in  the  course 
of  a  rocket  flight  instrumented  to  detect  X-rays.  Subsequent  flights  using 
improved  resolution,  and  search  by  optical  astronomers  for  unusual  objects 
in  the  vicinity  of  the  X-ray  source  located  the  source  with  Right  Assension 
a  =  16  hr.  17  m.  and  Declination  S  =  —  1 5°  3 1 '  as  a  blue  star  of  magni¬ 
tude  12  to  13.  The  source  is  now  known  as  SCO  X-l.  The  discovery  by 
Giacconi  et  al.  stimulated  efforts  by  several  research  teams,  and  in  the 
succeeding  few  years,  evidence  quickly  accumulated  that  X-ray  sources  are 
not  uncommon  and  some  of  them  could  be  identified  with  astronomical 
objects  ( see  reviews  by  Friedman,  1967 ;  Rossi,  1968).  The  results  of  measure¬ 
ments  of  X-ray  fluxes  from  all  sources,  carried  out  so  far,  reveal  that  by  far 
the  brightest  X-ray  source  as  seen  from  the  earth  is  SCO  X-l. 

In  a  letter  to  Nature  (Ananthakrishnan  and  Ramanathan,  1969)  which 
will  be  referred  to  as  AR  I,  the  idea  was  followed  up  that  there  could  be 
an  effect  of  X-rays  from  these  sources  on  the  night-time  field  strength  of 
164  kHz  radio  waves  transmitted  from  Tashkent  and  received  at  Ahmedabad 
over  a  distance  of  2,100  km.  The  region  of  reflection  of  one-hop  trans¬ 
mission  from  Tashkent  to  Ahmedabad  lies  near  32°  N.,  71°  E.  and  the  equi¬ 
valent  vertical  incidence  frequency  for  one-hop  reflection  is  about  28  kHz. 
From  an  examination  of  the  field  strength  records  of  Tashkent  broadcasts 
received  at  Ahmedabad  since  1960,  it  was  found  that  a  minimum  in  the 
field  strength  was  observed  on  many  nights  and  that  its  time  of  occurrence 
roughly  coincided  with  the  time  of  meridian  transit  of  SCO  X-l  across 
71°  E. 

The  present  report  deals  with  this  problem  in  greater  detail.  The  first 
section  deals  with  observational  aspects  of  the  effect  of  X-rays  from  SCO 
X-l,  the  second  is  devoted  to  an  examination  of  the  effect  of  two  other 
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X-ray  sources  on  the  night-time  field  strengths  and  the  final  section  is  con¬ 
cerned  with  a  comparative  study  of  the  X-ray  spectra  of  SCO  X-l,  TAU  X-l 
and  the  quiet  sun  during  periods  of  high  and  low  activity.  Also  included 
in  this  section  are  calculations  of  ion-production  and  the  resulting  electron 
density  due  to  these  X-ray  sources. 

2.  Changes  in  Night-Time  Field  Strengths  Produced  by  SCO  X-l 

In  AR  I,  we  gave  an  example  of  the  effect  on  the  night-time  field- 
strength  produced  by  the  transit  of  SCO  X-l  across  the  one-hop  reflection 
meridian  in  June  1961.  Figure  1  is  a  similar  diagram  using  the  observational 
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data  of  1969.  Examining  the  data  of  May-June  of  three  years,  it  was  found 
that  in  the  useful  records  of  May  of  each  year,  the  absorption  was  present 
on  60-65%  of  the  nights  and  in  those  of  June,  on  65-70%  of  the  nights. 
An  examination  of  the  times  of  occurrence  of  these  minima  shows  that 
in  addition  to  a  pronounced  minimum  which  is  nearly  coincident  with  the 
transit  of  SCO  X-l  there  are  other  weaker  minima  present  on  either  side. 
These  have  been  examined  carefully  and  Fig.  2  shows  the  results  of  the 
analysis  of  data  of  May-June  1961.  The  straight  line  represents  the  time 
of  meridian  transit  of  SCO  X-l  and  the  black  dots  correspond  to  the  minima 
which  occurred  within  i  i  hour  of  the  transit.  The  crosses  represent 
all  other  minima  seen  on  the  records.  While  the  black  dots  are  crowded 
round  the  line  of  transits,  the  crosses  above  and  below  the  line  appear  to 
show  no  systematic  trend.  It  is  believed  that  some  of  the  minima  appearing 
in  the  second  half  of  June  in  the  upper  right-hand  half  of  Fig.  2  are  due  to 
the  flux  from  another  X-ray  star  in  Cygnus,  CYG  X-l.  This  is  considered 
in  more  detail  in  Section  3. 


STRAIGHT  LINE  REPRESENTS  ZENITH 
TRANSIT  OF  SCO-XR-I 


Fig.  2.  Times  of  occurrence  of  minima  in  the  field  strengths  of  164  kHz  observed  at 
Ahmedabad.  The  minima  which  occurred  within  ±  1/2  hr.  of  the  transit  of  SCO  X-l  are  shown 
by  circles  and  the  others  by  crosses. 

Figure  3  shows  the  results  of  a  further  analysis  using  a  slightly  different 
method.  Taking  the  transit  time  as  zero  epoch,  the  values  of  the  field 
strengths  at  fifteen-minute  intervals  on  either  side  of  the  transit  time  were 
tabulated.  These  values  were  then  divided  by  the  value  of  the  observed 
field  strength  at  the  transit  time.  For  the  following  day,  the  zero  epoch 
was  shifted  by  four  minutes  and  the  procedure  repeated.  The  results  of 
this  analysis  for  June  1961  are  shown  in  Fig.  3r 
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The  low  values  of  the  field  strength  at  transit  and  the  higher  values 
on  either  side  bring  out  clearly  the  increased  absorption  when  the  X-iay 
source  transits  over  the  reflection  meridian. 


Fig.  3.  Relative  field  strengths  (normalised)  at  different  times  before  and  after  the  transit 
of  SCO  X-l  (June,  1961). 

3.  Possible  Effects  by  Other  X-ray  Sources 

The  results  of  the  previous  section  and  those  presented  in  AR  I  demon¬ 
strate  that  there  is  noticeable  absorption  produced  at  certain  sidereal  hours 
in  the  night-time  by  the  X-ray  flux  from  Scorpio.  The  question  now  arises 
as  to  whether  a  detectable  effect  is  produced  by  other  X-ray  sources.  An 
examination  of  all  the  known  sources  listed  by  Friedman  (1967)  showed 
that  the  only  ones  of  importance,  as  far  as  the  present  propagation  path  is 
concerned,  are  the  Crab  Nebula  (Taurus  X-l,  a  =  5^31m  and  8  —  +22- 1°) 
and  Cygnus  X-l  (a  =  19h58m,  S  =  -j-  34-5°).  The  integrated  flux  of 
radiation  from  these  two  sources  in  the  1-10  Kev  range  (as  listed  by  Fried¬ 
man,  1967)  is  4-3  x  10~8  erg/cm.2  sec.  from  Cygnus  X-l  and  3-2  x  10~8 
erg/cm.2  sec.  for  Taurus  X-l.  These  values  are  about  an  order  of  magni¬ 
tude  smaller  than  the  value  for  Scorpio  2*5  x  10~7  erg/cm.2  sec.  What 
makes  TAU  X-l  and  CYG  X-l  of  interest  for  the  present  analysis  is  their 
location  in  the  galaxy  with  respect  to  the  reflection  point  of  the  radio  waves 
from  Tashkent.  Both  these  sources  at  their  transits  pass  within  10°  of 
the  zenith  at  the  latitude  of  reflection  of  the  radio  waves  from  Tashkent. 
The  lower  fluxes  of  these  two  stars  in  comparison  with  that  of  Sco  X-l 
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would  therefore  be  partly  compensated  by  their  smaller  zenith  angles  at 
transit. 

Figure  4  shows  the  results  of  an  analysis  carried  out  for  Crab  similar 
to  that  presented  in  the  last  section  for  SCO  X-l.  It  will  be  noted  that  both 
the  dots  and  crosses  shift  with  time  as  one  moves  from  December  towards 
February. 


Fig.  4.  Times  of  occurrence  of  minimum  field  strengths  at  different  times  before  and  after 
the  meridian  transit  of  Crab  (TAU  X-l). 

It  does  appear  therefore  that  there  is  a  weak  absorption  due  to  radia¬ 
tion  from  Taurus  also.  This  can  be  further  seen  from  Fig.  5  in  which  values 
of  the  field  strength  before  and  after  the  transit  of  Taurus  X-l  are  plotted. 
Figure  6  shows  the  effect  due  to  the  transit  of  Cygnus  X-l.  It  seems  reason¬ 
able  to  connect  the  additional  minima  observed  in  the  SCO  curve  of  Fig.  2 
between  01  and  02  hours  in  the  second  half  of  June  with  the  meridian 
passage  of  Cyg.  X-l. 

In  summary,  the  results  of  the  analysis  indicate  that  Taurus  X-l  and 
Cygnus  X-l  also  produce  weak  absorptions.  The  effect  produced  by 
Scorpio  is  much  stronger.  In  the  following  section,  we  shall  examine 
whether  the  X-ray  emissions  from  SOC  X-l,  TAU  X-l  and  CYG  X-l  are 
sufficiently  intense  to  produce  the  observed  ionospheric  effects. 

4.  Electron  Production  by  Sco  X-l  and  Tau  X-l 

The  X-ray  spectra  of  SCO  X-l  and  TAU  X-l  from  1-10  A  are 
shown  in  Fig.  7;  they  have  been  taken  from  Friedman  (1967).  For 
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purposes  of  comparison,  two  X-ray  spectra  of  the  quiet  sun  are  also  included, 
one  relates  to  “  quiet  sun,  solar  minimum  ”  and  the  other  to  non-flare 
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TIMES  BEFORE  AND  AFTER  THE  TRANSIT  OF  TAURUS 
XR-I  ACROSS  75*E 

Fig.  5.  Relative  normalised  field  strength,  at  different  times  before  and  after  the  meridian 
transit  of  Crab. 


STRAIGHT  UNI  AERACSENTS  ZENITH 
TRANSIT  OF  CYQNUS-XR-i 


Fig.  6.  Times  of  occurrence  of  minimum  field  strength  at  different  times  before  and  after 
the  meridian  transit  of  CYG-1  (July-August,  1960-62). 

sun,  solar  maximum”  (Poppoff,  Whitten  and  Edmonds,  1964).  It  will 
be  noted  that  photons  of  higher  energy  become  relatively  more  important 
in  fluxes  from  the  X-ray  stars  than  in  the  fluxes  from  the  quiet  sun.  How¬ 
ever,  as  in  the  height-range  90-75.  km.,  X-rays  of  2-5  Kev.  energy  are  the 
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most  efficient  ionizers  and  as  the  loss-rate  of  electrons  increase  with 
decreasing  altitude,  we  shall  consider  the  electron  production  by  X-rays 
in  the  energy  range  1-10  Kev  only. 


Fig.  7.  Fluxes  of  photons  of  1-10  Kev  energy  from  the  quiet  sun  under  solar  minimum 
conditions,  from  the  non-flare  sun  under  solar  maximum  conditions,  and  from  SCO  X-l  and 
TAU  X-l. 

The  rate  of  electron  production  q  (z)  in  an  atmospheric  layer  of  thick¬ 
ness  dz  at  height  z  due  to  a  flux  of  Ij  photons/cm.2  sec.,  each  of  average 
energy  Wj,  is  given  by 

q  (z)  dz  =  IjWjO-j  p  ( z )  rdz 


where 

<7j  is  the  mass  absorption  coefficient  of  air  for  X-rays  of  species 
j  and  energy  Wj, 

P  (z)  is  the  density  of  atmospheric  air  at  height  Z", 

and 

r  is  the  electron  yield  per  electron-volt  of  X-ray  energy  ^  1/34. 
Ij  at  any  level  is  determined  from  the  relation 

Ij  =  I0j  j^Exp.  (  —  or  sec  X  J  p(z)  dz^ J 
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where 


I0j  is  the  intensity  outside  the  atmosphere 
and 

X  is  the  zenith  distance  of  the  source  (D.  W.  Swift,  1961). 

The  rates  of  electron  production  at  different  levels  between  90  and 
65  km.  due  to  SCO  X-l  and  TAU  X-l  at  different  values  of  their 
zenith  distance  from  32°  N.,  71°  E.  are  given  in  Figs.  8  and  9. 


xFo.  8.  Electron  production  rates  at  65-90  km.  due  to  SCO  X-l. 


Fig.  9.  Electron  production  rates  at  65-90  km.  due  to  TAU  ^-1, 
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Combining  the  electron  production  rates  with  electron  loss  rates  due 
to  formation  of  negative  ions  and  recombinations  of  electrons  and  ions, 
we  obtain  the  equilibrium  electron  densities  from  the  relation. 

^  —  0  +  A)  (aD  +  ^ai)  ~  'A 

where 

A  is  the  ratio  of  the  density  of  negative  ions  to  that  of  electrons, 
aD,  oq  are  the  re-combination  coefficients  of  electrons  and  ions, 


and 


</»  is  the  effective  loss  coefficient  of  electrons. 

There  is  much  uncertainty  about  the  night-time  values  of  A  and  ^  at 
75-90  km.,  the  region  with  which  we  are  most  concerned  in  dealing  with  the 
problem  of  reflection  of  164  kH  z  radio  waves  from  Tashkent  to  Ahmedabad. 
We  have  only  a  few  direct  measurements  of  electron  density  at  night,  The 
smoothed  electron  density  profiles  obtained  at  night  by  L.  G.  Smith  et  al, 
(1961  and  1964)  at  Wallops  Island  and  by  Hall  and  Fooks  (1964)  in  Woomera 
have  been  taken  from  Belrose  and  Bourne  (1967)  and  are  shown  in  Fig.  10. 
These  are  not  significantly  different  from  the  night-time  profile  obtained 
at  Armidale  by  R.  A.  Smith  et  al.  in  1963. 


NIGHT  TIME  ELECTRON  DENSITY  PROFILES 


Fig.  10.  Some  night-time  electron  density  profiles  in  middle  latitudes. 
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The  equivalent  vertical  incidence  frequency  of  164  kHz  waves  which 
arrive  in  Ahmedabad  from  Tashkent  after  one  reflection  in  the  ionosphere 
iC  28  kHz.  and  the  electron  density  at  the  height  of  reflection  is  about 
10  cmr3.  This  density  of  electrons  may  normally  be  expected  to  prevail 
at  night  at  80-82  km. 

The  following  table  gives  the  mean  night-time  values  of  if/  (1)  as  esti¬ 
mated  by  A.  P.  Mitra  (1968)  from  the  rocket  observations  of  McDiarmid 
and  Budzinoky  (MB)  and  of  Belrose,  Bode  and  Hewitt  (BBH)  in  Canada 
and  (2)  as  calculated  from  Moler’s  night  values  of  aD  -f-  A  a*  and  Sagalyn 
and  Smiddy’s  values  (SS)  of  A  at  night. 


Table  I 


Height  (km.) 

Night-time  values  of  if*  (Loss  rate  of  electrons) 

(1)  MB,  BBH 
and  APM 

(2)  Moler+SS 

(3)  F  et  al. 

90 

1*4x10-7 

1  *4x  10~7 

•  • 

86 

2  X  10-7 

2-5X10-7 

3xl0~7 

82 

5xl0-6 

5xl0-7 

2xl0~6 

78 

>>io-* 

8  x  10-7 

io-6 

74 

•  * 

4xl0-« 

t\  io-4 

A  recent  analysis  of  auroral  observations  made  at  night  in  Norway  by 
Folkestad  et  al.  (F  et  al.)  gives  values  of  if/  which  are  in  reasonable  agree¬ 
ment  with  those  of  (1)  at  levels  above  83  km.  but  are  much  smaller  at  lower 
levels.  Accepting  (1)  and  (2)  as  two  extreme  estimates  available,  we  can 
calculate  the  equilibrium  electron  densities  due  to  SCO  X-l  and  TAU  X-l 
at  different  levels  below  90  km.  at  the  time  of  their  transits  across  71°  E. 
and  at  different  times  within  ±  3  hrs.  of  the  transit  time.  The  calculated 
electron  densities  due  to  SCO  X-l  and  TAU  X-l  are  shown  in  Figs.  11 
and  12. 

The  effect  on  the  absorption  of  164  kHz  radio  waves  due  to  the  addi¬ 
tion  of  these  electron  densities  below  the  normal  night-time  ionosphere  has 
now  to  be  calculated.  Tentative  calculations  have  been  made  of  the 
reflection  coefficients  of  the  equivalent  vertical  incidence  frequency  28  kHz 
at  32°  N.,  using  the  wave  admittance  matrix  method  of  Budden  (1961).  The 
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calculated  curves  of  attenuation  associated  with  the  transit  of  SCO  X-l 
and  TAU  X-l  agree  in  a  broad  way  with  the  observed  curves  and  justify 
the  conclusion  that  X-rays  from  these  two  stars  can  produce  the  observed 
changes  in  the  field  strengths  of  the  reflected  L.F.  radio  waves.  More 
detailed  calculations  have  been  started. 


75*E 

Fig.  11.  Profiles  of  equilibrium  electron  density  produced  by  SCO  X-l  during  night 
assuming  two  extreme  loss  rates  of  electrons. 


We  have  recently  had  the  opportunity  to  see  through  the  courtesy  of 
the  authors,  the  pre-print  of  a  note  by  P.  J.  Edwards,  G.  J.  Burtt  and 
P.  Knox  of  New  Zealand  on  “  An  ionospheric  effect  due  to  celestial  X-rays  ’* 
in  which  they  report  the  discovery  of  a  reduction  in  the  times  of  propaga¬ 
tion  of  20  kHz.  radio  waves  transmitted  during  night  from  Boulder  and 
received  at  Wellington  by  6-8  ps.  The  average  time  of  the  maximum  effect 
approximately  coincides  with  the  sidereal  time  of  the  transit  of  SCO  X-l 
across  the  meridian  of  the  mid-point  of  the  Boulder-Wellington  path.  The 
phase  advance  was  found  to  change  by  about  2  hours  per  month  between 
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February  and  May.  This  finding  of  the  New  Zealand  scientists  is  in  agree¬ 
ment  with  the  results  of  our  independent  study. 


75*  E 

Fig.  12.  Profiles  of  equilibrium  electron  density  produced  by  TAU  X-l  during  night 
assuming  two  extreme  loss-rates  of  electrons. 

Oir  thanks  are  due  to  Dr.  J.  S.  Shirke  and  Dr.  U.  R.  Rao  for  helpful 
discussions  and  keen  interest  in  the  work. 
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IONOSPHERIC  EFFECTS  OF  X-RAYS  FROM 
DISCRETE  GALACTIC  SOURCES* 

S.  ANANTHAKRISHNAN,  S.  C.  CHAKRAVARTY  and  K.  R.  RAMANATHAN 
Physical  Research  Laboratory,  Ahmedabad,  India 


Abstract.  Observation  of  the  field  strength  of  low  frequency  radio  waves  (164  kHz)  transmitted  during 
night  hours  from  Tashkent  and  received  at  Ahmedabad  show  increased  absorption  around  the  sidereal 
times  of  the  transit  of  the  X  ray  stars  Sco  X-l  and  Tau  X-l.  It  is  estimated  that  the  ionization  in  the 
D  region  produced  by  these  X-ray  stars  can  explain  the  observed  changes  in  field  strength. 

1.  Introduction 

Since  the  discovery  of  discrete  X-ray  sources  in  the  galaxy  about  7  years  ago  by 
Dr.  Giacconi  and  his  collaborators,  numerous  measurements  have  been  carried  out, 
particularly  by  the  Naval  Research  Laboratory  and  the  American  Science  and 
Engineering  Co.  of  the  U.S.A.,  to  determine  their  exact  location,  angular  diameter 
and  spectral  features.  Of  particular  interest  among  the  40  or  more  sources  discovered 
so  far,  are  Sco  X-l  located  in  the  constellation  Scorpio  (Right  accension  a=  16  h  15  m, 
Declination  <5=—  1 5f 5),  TauX-1  in  the  Crab  nebula  (oc  =  5h31m,  <5=+22?l), 
Cygnus  X-l  (a=  19  h  53  m,  <5=  +  34?5)  and  Centaurus  X-2  (a=  13  h  24  m,  <5=  —62°). 
The  present  paper  reports  the  results  of  an  investigation  to  find  out  the  effect  on  low 
frequency  radio  waves  reflected  from  the  upper  atmosphere  by  X-rays  from  Sco  X-l 
and  Tau  X-l . 


2.  Low-frequency  Recording  Equipment  at  Ahmedabad 

Since  1960,  we  have  been  recording  at  Ahmedabad  the  field  strength  of  164  kHz 
radio  waves  transmitted  from  Tashkent  (42  °N,  69  °E).  The  radiated  power  is  in  the 
neighbourhood  of  150  kw  and  the  transmission  is  on  the  air  for  approximately  20 
hours  a  day.  The  receiving  equipment  is  very  simple  and  consists  of  a  loop  aerial,  or 
a  Wave  Antenna  terminated  in  the  direction  of  the  transmitter,  feeding  into  a  com¬ 
munication  receiver,  the  detected  output  of  which  is  amplified  and  fed  to  a  strip  chart 
recorder.  Frequent  calibrations  are  carried  out  with  the  aid  of  a  standard  signal 
generator.  Care  is  taken  to  maintain  the  stable  operation  of  the  receiver.  Basically, 
the  instrument  measures  the  variations  in  the  amplitude  of  the  radio  waves  caused  by 
its  passage  through  the  atmosphere  below  the  reflecting  level.  The  normal  height  of 
reflection  is  in  the  D  region  round  about  70-75  km,  during  the  day  and  85-90  km 
during  the  night.  This  region  is  ionised  by  X-rays  from  the  sun,  particularly  during 
solar  flares. 


*  Communicated  by  professor  U.  R.  Rao. 


L.  Gratton  (ed.) ,  Non-Solar  X-  and  Gamma-Ray  Astronomy,  146-150.  All  Rights  Reserved 
Copyright  ©  1970  by  the  1AU 
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3.  Solar  X-Rays  and  the  D-region 

It  is  well  known  that  solar  flares  cause  marked  increases  of  ionization  in  the  D-region 
resulting  in  short-wave  fade-outs  at  broadcast  frequencies  and  sudden  anomalies  in 
field  strength  of  radio  waves  of  long  and  very  long  wave  lengths  (30-300  kHz  and 
3-30  kHz).  The  work  of  Burnight  (1948)  and  of  Friedman’s  group  at  the  Naval 
Research  Laboratory  clearly  established  that  solar  X-rays  were  primarily  responsible 
for  these  effects.  It  is  now  known  that  ionization  in  the  height  range  65-90  km  is  very 
sensitive  to  X-radiation  of  wavelengths  shorter  than  10  A  (Labeyrie,  1968). 

4.  Effect  of  X-Ray  Fluxes  on  the  164  kHz  Field  Strengths  at  Ahmedabad 

Before  describing  the  effects  produced  by  the  galactic  X-ray  sources,  some  details  of 
the  propagation  path  may  be  considered.  The  great  circle  distance  between  the  trans¬ 
mitter  at  Tashkent  and  receiver  at  Ahmedabad  is  2150  km,  the  single  hop  reflection 
point  being  located  at  geographic  latitude  32  °N,  longitude  71  °E.  The  radio  waves 


PHOTON  ENERGY  (KeV) 


Fig.  1.  Comparison  of  non-flare  solar  X-ray  spectra  (sunspot  maximum  and  minimum)  with 

measured  X-ray  spectra  of  Sco  X-l  and  Tau  X-l. 


from  Tashkent  may  arrive  at  Ahmedabad  after  a  single  oblique  reflection  in  the  iono¬ 
sphere  (single  hop)  or  after  two  reflections  in  the  ionosphere  and  one  at  the  ground 
(two-hop)  or  even  after  more  hops.  In  general  the  one-hop  mode  predominates  up  to 
distances  of  about  2500  km  from  the  transmitter.  The  equivalent  critical  frequency 
for  vertical  incidence  reflection  corresponding  to  the  oblique  one-hop  transmission 
frequency  of  164  kHz  is  about  29  kHz. 

An  examination  of  the  coordinates  of  the  four  sources,  Sco  X-l,  Tau  X-l,  Cyg  X-l 
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and  Cen  X-2,  showed  that  the  first  three  were  favourably  situated  with  respect  to  the 
reflection  point  to  affect  the  field  strengths  at  Ahmedabad.  In  the  succeeding  para¬ 
graphs  the  changes  in  the  field  strength  produced  by  the  transit  of  Sco  X-l  and  Tau  X-l 
across  the  reflection  meridian  will  be  discussed.  A  brief  report  of  the  iono¬ 
spheric  effects  of  X-rays  from  Sco  X-l  is  under  publication  (Ananthakrishnan  and 
Ramanathan,  1969). 

The  records  of  nighttime  field  strengths  (between  21  hr  local  time  and  04  hr  local 
time  (were  scrutinized.  During  daytime,  it  would  be  difficult  to  separate  the  effect  of 


Fig.  2.  Night-time  field  strength  of  Tashkent  ( 1 64  kHz)  radio  transmissions  received  at  Ahmedabad. 

Arrows  indicate  meridian  transit  of  Sco  X-l. 
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stellar  X-rays  from  the  effect  of  X-rays  from  the  sun.  The  X-ray  spectra  of  Sco  X-l, 
TauX-1  and  of  the  quiet  sun  in  sunspot  maximum  and  minimum  conditions  are 
compared  in  Figure  1 .  The  spectrum  of  the  sun  during  sunspot  minimum  has  been 
measured  by  Bordeau  et  al.  and  is  taken  from  Whitten  and  Poppoff  (1965).  The 
spectrum  for  solar  maximum  is  taken  from  an  article  by  Labeyrie  (1968).  It  may  be 
noted  that  in  sunspot  minimum  conditions,  the  flux  of  radiation  from  Sco  X-l  can  be 
greater  than  that  from  the  sun  in  the  high  energy  region  above  4  keV.  Calculations  of 
the  increase  of  electron  density  produced  by  the  X-ray  flux  from  Scorpio  in  the  height 
range  70-90  km  with  currently  available  loss  coefficients,  show  that  the  increase 
would  be  sufficient  to  produce  a  noticeable  effect  on  reflected  LF  and  VLF  radio 
waves. 

A  simple  calculation  shows  that  Sco  X-l  would  transit  over  the  reflection  meridian 
at  about  midnight  in  June  of  each  year.  Examination  of  the  field  strength  records  for 
this  period  showed  that  there  were  significant  decreases  in  the  amplitude  of  the 
164  kHz  field  strengths  associated  with  the  transmit.  An  example  is  shown  in  Figure  2. 
The  arrows  in  the  figure  indicate  the  times  at  which  the  source  reaches  its  maximum 
altitude  at  32  °N,  71  °E. 

The  sidereal  shift  of  about  1|  hr  between  June  2  and  June  29  can  clearly  be  seen. 
In  addition  to  the  pronounced  minimum  associated  with  the  transit  of  Sco  X-l, 
indicated  by  the  arrows,  other  minima  of  sporadic  nature  are  occasionally  observed 
on  the  records. 


TIMES  BEFORE  AND  AFTER  THE  TRANSIT  TIME 
OF  SCORPIO  XR-I  ACROSS  75°  E 


Fig.  3.  Decrease  in  amplitude  produced  by  the  X-radiations  from  Sco  X-l  as  brought  out  by 

superposed  epoch  analysis. 

Figure  3  shows  the  result  of  a  superposed  epoch  analysis  carried  out  for  the  period 
May-June  1961.  The  diagram  brings  out  clearly  the  decrease  in  amplitude  of  the 
signal  strength  produced  by  Sco  X-l. 

Figure  4  shows  the  result  of  a  similar  analysis  carried  out  for  Tau  X-l.  The  re- 
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duction  in  amplitude,  though  clearly  evident,  is  much  weaker.  The  flux  of  radiation 
from  this  source  is  about  an  order  of  magnitude  lower,  in  the  energy  range  of  interest. 

5.  Conclusion 

The  results  discussed  in  Section  3  show  that  both  Sco  X-l  and  Tau  X-l  produce  an 
increase  in  absorption,  which  means  a  change  in  ionization  in  the  night-time  lower 
ionosphere,  of  a  magnitude  large  enough  to  affect  the  amplitude  of  low  frequency 
radio  waves  traversing  this  region.  A  few  remarks  may  be  made  by  way  of  conclusion. 


TIMES  BEFORE  AND  AFTER  THE  TRANSIT  TIME 
OF  TAURUS  XRI  ACROSS  75°  E 


Fig.  4.  Decrease  in  amplitude  produced  by  the  X-radiations  from  Tau  X-l  as  brought  out  by 

superposed  epoch  analysis. 

The  inability  of  rockets  to  carry  out  observations  for  more  than  a  few  minutes  and 
the  inaccessibility  to  balloons  of  D  region  levels  where  the  softer  X-rays  are  absorbed, 
show  the  importance  of  ground-based  observations  which  can  show  up  the  effect  of 
X-ray  fluxes  from  the  sun,  stars  and  galaxies.  We  can  look  back  into  the  earlier  low- 
frequency  records  to  see  if  any  time-variations  in  the  fluxes  can  be  found. 
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A  COMPARISON  OF  FIELD-STRENGTHS  OF  164  kHz 
RADIO  WAVES  TRANSMITTED  FROM  TASHKENT 
AND  RECEIVED  AT  AHMEDABAD  WITH 
FLARE  -TIME  SOLAR  X-RAY  EMISSIONS  MEASURED 

IN  SATELLITES 

By  S.  (  .  Chakravarty  and  K.  R.  Ramanathan,  F.A.Sc. 

(Physical  Research  Laboratory,  Navrangpura,  AhmcJabad-9) 

Receive  i  March  6,  1972 

J .  Introduction 

During  solar  flares,  sudden  changes  in  the  field-strength  of  164  kHz  radio 
waves  transmitted  from  Tashkent  and  received  at  Ahmedabad  have  been 
recorded  since  1962  (Alurkar,  1963).  A  detailed  study  of  such  events  by 
Shirks  and  Alurkar  (1963)  and  by  Ananthakrishnan  (1967)  showed  that 
the  type  of  variation  of  intensity  due  to  the  flares  depended  on  the  time  of 
the  day  and  the  season.  It  is  now  generally  recognised  that  the  ionisation 
in  the  D-region  increases  during  solar  flares,  mainly  because  of  the  enhance¬ 
ment  of  the  flux  of  X-rays  in  the  1-8  A  wavelength  band  (Friedman  et  al. , 
1958;  Chubb  et  al.,  1960;  Kreplin  et  al.,  1962).  From  a  statistical  study 
of  the  published  data  of  X-ray  flares  during  1968-70  and  the  corresponding 
effects  on  the  164  kHz  field-strength,  it  has  been  inferred  that  on  the  average, 
an  X-ray  flare  with  peak  flux  greater  than  4  x  10  3  ergs/(cm2  sec)  (A  =  1-8  A) 
causes  an  SID  sufficient  to  affect  the  radio  intensity  of  164  kHz  for  the  path 
mentioned  above  (Chakravarty,  unpublished).  The  exact  character  of  the 
response  depends  on  the  distribution  of  flux  intensity  within  the  band  and 
the  zenith  distance  of  the  sun.  The  direct  measurement  of  electron  density 
in  the  D-region  during  a  flare  by  Somayajulu  and  Aikin  (1969)  and  the 
electron  densities  estimated  by  the  spectral  distribution  of  X-rays  show  agree¬ 
ment  within  20-25%  up  to  about  85  km  (Ananthakrishnan,  1971).  In  this 
study,  we  have  made  a  comparison  of  the  effects  of  a  few  flares  on  the  field 
intensity  of  164  kHz  with  the  detailed  X-ray  flux  data  as  measured  in  the 
satellites  SOLRAD  9  (Explorer  37)  and  Explorer  35 

It  is  observed  that  the  type  of  field -strength  change  at  Ahmedabad  and 
Poona  depends  on  the  hardness  ratio  of  X-rays  within  the  1-  8  A  band  and 
on  the  zenith  distance  of  the  sun.  It  has  also  been  shown  that  the  type  of 

Al  249 


r<>,  ind.  Acad.  Sci.  75A,  749-261,  1972. 


962 


250  S.  C.  Chakra varty  and  K.  R.  Ramanathan 

change  is  related  to  the  step-wise  character  of  ionization  in  the  daytime 
D-region. 


2.  X-ray  Data 

The  solar  X-ray  data  have  been  taken  from  a  publication  by  Kreplin 
(1970).  The  times  of  the  flares  have  been  compared  with  the  times  of  sudden 
changes  in  the  field  intensity  of  164  kHz  radio  waves  transmitted  from  Tash¬ 
kent  and  received  at  Ahmeaabad.  The  X-ray  fluxes  in  the  2-12  A  wave¬ 
length  band  measured  by  Explorer  35  (Van  Allen  and  leske)  are  well  suited 
for  this  comparison  because  cf  good  time  resolution  during  sudden  changes. 
The  SOLRAD  9  data  (A  —  1  to  8  A)  have  also  been  used  when  data  of 
Explorer  35  were  not  available  Table  I  gives  a  summary  of  the  data  used. 
Some  flare-time  fluxes  of  X-rays  have  also  been  taken  from  Solar- 
Geophysical  Data  Bulletins  (ESA). 

3.  Results 

All  the  observed  sudden  intensity  variations  of  164  kHz  signals  and 
the  corresponding  X-ray  flux-changes  in  the  2-12  A  wavelength  band  during 
the  period  27  October  to  3  November  1968  are  listed  in  Table  1.  It  will  be 
noted  that  all  the  X-ray  events  observed  during  the  hours  0200-1200  E.T. 
(07-17  hr  L.T.)  produced  nearly  simultaneous  effects  in  the  radio  signal. 
The  minimum  X-ray  flux  which  was  able  to  induce  a  measurable  effect  was 
about  4-5  X  10~3  ergs/cm2  sec).  The  starting  time  and  time  of  peak  inten¬ 
sity  of  the  sudden  ionospheric  disturbance  and  of  the  X-ray  flare  agree  well, 
in  general,  within  a  few  minutes.  Ihe  end  time  of  the  SID  effect  on  the  164 
kHz  signal  cannot  be  accurately  determined  and  hence  the  time  mentioned 
in  Table  I  only  indicates  the  time  of  the  first  minimum  after  the  flare  effect 
started.  After  reaching  the  minimum  value,  the  field  strength  slowly  re¬ 
covers  to  its  normal  level.  Th-  re-establishment  of  the  original  signal  level 
takes  place  about  an  hour  or  more  after  the  X-ray  flare  has  ended.  There 
is  no  definite  relation  between  the  end  time  (as  given  in  Table  1)  of  changed 
signal  intensity  and  the  end  time  of  the  X-ray  flare. 


Figure  1  shows  examples  of  two  flares  on  3  November  1968  daring 
which  observations  wer made  on  164  kHz  intensity  and  the  sudden  enhance¬ 
ments  of  X-ray  flux.  The  first  X-ray  flare  around  0540  LIT.  gave  rise  to 
a  small  drop  in  intensity  of  radio  signal  (Type  C)  whereas  the  second  bigger 
flare  produced  an  enhancement  in  the  signal  with  a  small  initial  drop  (Type  B). 
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UNIVERSAL  TIMC 

Fig.  1.  Variation  of  the  amplitude  of  164  kHz  radio  waves  and  X-ray  fluxes  (2-12  A)  during 
the  flares  cn  3  November  1968. 

Figure  2  shows  the  big  flare  of  November  2,  1968.  The  simultaneous 
changes  in  the  field  intensity  of  164  kHz  radio  waves  can  be  seen  at  every 
stage  of  the  changes  of  X-ray  spectrum.  The  X-ray  flux  started  increasing 
at  0915  and  the  rate  of  rise  decreased  at  0945  hr.  From  0945  hr  to  0952 
hr  the  flux  showed  only  a  slight  increase.  The  X-ray  flux  thereafter  increased 
sharply,  reaching  a  maximum  at  1000  hr,  showing  the  changeover  point 
very  clearly  at  0952  hr  (Type  A).  The  fast  recovery  of  the  X-ray  flux  after 
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1000  hr  U.T.  can  be  seen  from  the  figure.  The  corresponding  164  kHz  radio 
intensity  started  decreasing  at  0915  hr  reaching  a  minimum  at  0945  hr.  From 
0945  hr  to  0952  hr  the  intensity  showed  an  enhancement  of  about  40  micro¬ 
volts.  This  pertains  to  the  slow  rising  part  of  the  X-ray  flux  at  the  same  time. 
The  field  intensity  then  reaches  a  maximum  at  1000  hr,  coinciding  with  the 
time  of  maximum  of  the  X-ray  flux.  The  changeoven  point  at  0952  hr  is 
also  clear  from  these  records.  After  1000  hr,  the  time  sequence  in  the 


Fig.  2.  Variation  of  the  amplitude  of  104  kHz  radio  waves  and  X-ray  fluxes  (2-12  A)  during 
a  big  flare  on  2  November  1908, 
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recoveries  of  164  kHz  intensity  and  X  ray  flux  are  somewhat  different.  Up 
to  the  time  of  the  peak  of  the  flare  the  variations  of  signal-intensity  and 
X-ray  fluxes  were  very  nearly  simultaneous,  Even  small  details  of  the  changes 
in  X-ray  flux  are  reflected  in  the  sudden  deviations  of  the  signal  strength. 
The  second  peak  in  lield-strength  at  1245  hr  U.T  is  not  a  flare  effect  but  is 
a  normal  sunset  effect. 

Figure  3  shows  the  occurrence  of  a  complex  of  6  flares  during  the  period 
0700  to  1400  hr  U.T.  on  28  October  1968.  The  remarkable  point  to  be 


Fio.  3.  Field-strength  changes  of  164  kHz  radio  waves  observed  at  Ahmedabad  and  at  Delhi 
during  the  occurrence  of  a  complex  of  X-ray  flares  on  28  October  1968. 
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noticed  is  that  even  e  small  X-ray  fluxes  of  average  peak  flux  of  4-5  X 
10~3  ergs/(cm2  sec.)  have  been  able  to  produce  effects  in  the  radio  intensity 
at  Ahmedabad  in  the  form  of  small  decreases.  The  Tashkent  signal  received 
at  Delhi  (1000  km  from  the  transmitter)  shows  sudden  changes  due  to  the 
big  flare  at  0500  hr  U.T.  but  does  not  show  any  change  of  the  subsequent 
small  flares.  The  absence  of  any  effect  of  the  small  flare  at  06C0  hr  at  Delhi 
may  be  noted.  Figure  4  shows  the  simultaneous  records  of  1 64  kHz  field 
strength  received  at  Ahmedabad  and  at  Poona  (2100  and  2500  Km  from 


Fig.  4.  Simultaneous  observations  of  flafe  effects  in  the  1 64  kHz  radio  intensity  at  Ahmedabad 
and  at  Poona  on  29  March  1966. 

Tashkent)  on  29  March  1966.  It  will  be  seen  that  the  flares  at  0325  hr, 
0715,  0954  and  1100  hrs  U.T.  produced  similar  impressions  at  both  the  sta¬ 
tions.  Coming  back  to  Fig,  3,  it  appears  that  the  smaller  flares  do  not  produce 
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an  effect  at  short  distances,  but  show  up  in  the  records  at  longer  distances. 
Since  the  height  of  reflection  of  LF  radio  waves  depends  on  the  transmitter- 
receiver  distance,  it  will  be  an  important  factor  in  determining  the  effect  of 
X-rays  in  the  intensity  of  the  field-strength.  Tashkent-Ahmedabad  or 
Tashkent-Poona  paths  for  164  kHz  radio  waves  seem  to  be  well  suited  for 
observing  the  weaker  X-ray  flares. 

Figure  5  shows  a  multiple  flare  on  27  October  1968.  The  X-ray  flux 
started  increasing  at  1102  hr;  the  effect  on  the  radio  intensity  was  seen  at 


Fig.  5.  Changes  in  the  field-strengths  of  164  kHz  radio  waves  observed  during  two  over- 
lapping  X-ray  flares  of  27  October  1968, 
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1 108  hr  when  the  X-ray  flux  reached  a  value  of  4  -  5  x  10-3  erg/(cm2  sec)  Before 
the  first  flare  ended,  another  started  at  1130  hr  and  this  showed  up  in  the 
signal  by  a  change  in  the  slope  of  the  recovery  stage.  The  peak  corresponding 
to  the  second  X-ray  flare  was  quite  small  in  the  field-strength  record,  pre¬ 
sumably  because  of  the  high  absorption  due  to  the  ionisation  produced  by 
the  first  flare. 

4.  Types  of  Changes  in  Signal  Strength  Observed  at  Ahmedabad  Due 
to  the  Solar  Flares  and  Their  Diurnal  and  Seasonal 

Variations 

Shirke  and  Alurkar  (1963)  analysed  the  records  of  field-strengths  of 
transmissions  from  Tashkent  on  164  kHz  due  to  a  large  number  of  flares 
observed  at  Ahmedabad,  and  classified  them  into  three  types: 

Type  A:  Sudden  enhancement  of  intensity  followed  by  decline  to 
a  minimum  and  gradual  recovery.  These  are  most 
frequent  in  summer  (May  to  September)  and  parti¬ 
cularly  at  times  when  the  sun  is  high. 

Type  B :  Initial  sharp  dip  in  intensity  before  the  enhancement  followed 
by  decline  to  a  minimum  and  recovery  as  in  Type  A. 
These  are  most  frequent  in  October  to  April  and  in 
morning  and  evening  hours. 

Type  C :  Disturbances  with  a  fall  in  the  intensity  gradual  or  rapid, 
followed  by  a  slow  rise.  An  example  can  be  seen  at 
05  hr  U.T.  in  the  record  of  28  October  1968  (Fig.  3). 

An  analysis  of  the  LF  disturbances  recorded  at  Ahmedabad  in  1969 
due  to  X-ray  flares  recorded  in  satellites  showed  that  50  to  80%  of  the  flares 
in  the  equinoctial  months  affected  the  LF  field-stn  ngths,  but  only  10  to  20% 
of  the  flares  produced  measurable  effects  in  the  months  May  to 
September  (Fig.  6). 

5.  In  order  to  find  an  explanation  for  the  differences  in  response  to 
different  flares  and  to  flares  in  different  seasons,  the  peak  X-ray  fluxes  in 
the  wavelength  bands  1-8  A  and  1-3  A  in  the  period  January  to  August 
1971  were  compared  with  the  types  of  disturbances  which  they  produced 
Figure  7  {a)  shows  the  relation  between  X-ray  photon  flux  (1-8  A)  and  the 
hardness  factor  (1—3  A )l<f>  (1-8  A)  corresponding  to  the  three  types  of 
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disturbance.  Figure  7  ( b )  is  a  similar  diagram  showing  the  relation  between 
<f>  (1-3  A)  and  <f>  (1-3  A)/<£  (1-8  A).  It  will  be  noticed  that  the  hardness 
factor  required  for  a  Type  A  disturbance  is  greater  than  that  required  for  a 
Type  B  disturbance  and  that  a  Type  C  disturbance  can  be  produced  by  even  a 
smaller  hardness  ratio  than  that  for  Type  B. 


JFMAMJJASOND 

Fig.  6.  Percentage  of  X-ray  flares  observed  in  each  month  in  satellites  in  1969  which  produced 
measurable  effects  on  164  kHz  radio  amplitudes  at  Ahmedabad. 

6.  The  difference  in  behaviour  can  be  understood  if  we  remember  that 
long-distance  reflection  of  LF  radio  waves  depends  on  the  distribution  of 
electron  density  in  the  daytime  D-region  below  about  85  km,  and  that  the 
harder  X-rays  penetrate  to  greater  depths  in  the  atmosphere.  It  is  known 
that  in  general,  there  are  two  reflecting  regions,  one  between  82  and  87  km 
(D^  above  which  the  electron  density  increases  rapidly  with  height,  and 
another  lower  region  at  70-75  km  (Di)  (Lauter,  1966).  Between  Dx  and  D2, 
the  rate  of  increase  of  electron  density  with  height  is  comparatively  small.  In 
the  summer  months  and  at  small  zenith  angles  of  the  sun,  Dx  has  sufficient 
electron  density  to  reflect  164  kHz,  and  the  effect  of  a  flare  is 
to  increase  the  electron  density  at  the  lower  level  and  thus  increase  the 
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field-strength.  In  winter  and  equinoxes  and  particularly  when  the  zenith 
distance  of  the  sun  is  large,  the  lower  D,  layer  is  weak  and  reflection  takes 
place  from  the  higher  level  D2.  When  there  is  a  burst  of  hard  X-rays,  there 
is  increased  ionization  below  Da  and  even  down  to  Dt,  and  consequent 
temporary  increased  absorption.  This  leads  to  a  Type  B  response. 
The  initial  dip  depends  on  the  zenith  distance  of  the  sun.  It  is  weak  or 
absent  when  the  sun  is  high,  and  the  dip  is  greater  the  greater  the  zenith 
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Fig.  7.  Distribution  of  the  three  types  of  effect  observed  in  the  164  kHz  radio  intensity  a 
Ahmedabad  in  relation  to  the  maximum  hardness  factor  4  (l-3A)/#l-8  A)  in  the  X-ray  flares 
during  January-August,  1971. 
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distance  of  the  sun.  When  the  hardness  of  the  X-rays  is  small  or  the  solar 
zenith  distance  is  large,  the  reflection  continues  to  take  place  from  Da  and 
there  is  only  a  temporary  increase  in  ionization  below  D2  leading  to  a  C  type 
absorption. 

7.  Conclusion 

The  comparison  of  X-ray  flares  observed  in  satellites  and  their  mani¬ 
festation  in  the  field-strength  records  of  164  kHz  radio  waves  received  at 
Ahmedabad  from  Tashkent  show  that  almost  all  the  flares  between  0200- 
1200  hr  U.T.  during  the  period  27  October  to  3  November,  1968,  were  able 
to  influence  the  signal  intensity.  The  starting  time  and  peak  time  of  the 
X-ray  flare  and  the  sudden  changes  in  164  kHz  radio  signal  agreed  within  a 
few  minutes.  The  flare  effect  on  the  signal  strength  persists  for  a  longer 
time  than  the  flare  itself. 

The  effects  of  even  small  X-ray  flares  on  164  kHz  field-strength  can  be 
seen  at  Ahmedabad  and  Poona  whereas  only  bigger  flares  show  up  at  Delhi 
often  with  a  pronounced  initial  dip.  This  suggests  that  the  distance  between 
the  transmitter  and  receiver  plays  an  important  role  in  the  observable  effects 
on  LF  propagation ;  the  longer  the  distance,  the  better  is  the  effect  observed. 
The  details  of  the  X-ray  flux  variations  during  a  flare  and  the  associated 
changes  in  radio  signal  intensities  (164  khz)  at  Ahmedabad  and  Delhi  are 
under  further  study. 
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Also  included  are  his  papers  on  night  airglow 
and  the  ionospheric  effects  of  X-ray  from  the  sun 
and  from  discrete  galactic  sources. 

Many  of  these  papers  were  published  in 
different  journals  in  many  parts  of  the  world  and 
in  the  Scientific  Notes  and  Memoirs  of  the  India 
Meteorological  Department,  not  readily 
accessible  to  present  day  workers  in  the  field. 
These  volumes,  in  which  are  collected  Professor 
Ramanathan’s  important,  original  contributions 
to  a  wide  range  of  subjects,  should  find  a  place  in 
the  libraries  of  all  those  interested  in  optics, 
meteorology  and  geophysics. 
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